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ABSTRACT 
This research focused on developing low polarization (area specific resistance, ASR) 
cathodes for intermediate temperature solid oxide fuel cells (IT-SOFCs).  In order to accomplish 
this we focused on two aspects of cathode development: (1) development of novel materials; and 
(2) developing the relationships between microstructure and electrochemical performance.  
The materials investigated ranged from Ag-bismuth oxide composites (which had the 
lowest reported ASR at the beginning of this contract) to a series of pyrochlore structured 
ruthenates (Bi2-xMxRu2O7, where M = Sr, Ca, Ag; Pb2Ru2O6.5; and Y2-2xPr2xRu2O7), to 
composites of the pyrochchlore ruthenates with bismuth oxide. 
To understand the role of microstructure on electrochemical performance, we optimized 
the Ag-bismuth oxide and the ruthenate-bismuth oxide composites in terms of both two-phase 
composition and particle size/microstructure.  We further investigated the role of thickness and 
current collector on ASR.   
Finally, we investigated issues of stability and found the materials investigated did not 
form deleterious phases at the cathode/electrolyte interface.  Further, we established the ability 
through particle size modification to limit microstructural decay, thus, enhancing stability.  
The resulting Ag-Bi0.8Er0.2O1.5 and Bi2Ru2O7-Bi0.8Er0.2O1.5 composite cathodes had ASRs 
of 1.0 Ωcm2 and 0.73 Ωcm2 at 500 °C and 0.048 Ωcm2 and 0.053 Ωcm2 at 650 °C, respectively.  
These ASRs are truly impressive and makes them among the lowest IT-SOFC ASRs reported to 
date. 
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INTRODUCTION 
The ability of solid oxide fuel cells (SOFCs) to directly convert the chemical energy of 
readily available fuels into useful power and heat without combustion or complete external 
reforming, makes it one of the highest efficiency devices for power generation to date—higher 
than steam turbines, internal combustion engines, diesel engines, and even polymer electrolyte 
fuel cells1.  For this reason, among others, SOFCs are the focus of much recent research. 
Solid oxide fuel cells are electrochemical devices that offer clean, cheap and efficient 
conversion of the chemical energy of a fuel to electrical energy.  State of the art SOFCs employ 
yttria stabilized zirconia (YSZ) as the electrolyte material operating at 700-1000 ºC.  High 
operation temperatures are required to overcome the resistive loss across the YSZ electrolyte.  
There is considerable driving force to reduce the operating temperatures of SOFCs to 500-700 
ºC.  Advantages include use of cheap ferritic stainless steel as the interconnect material, lower 
operating cost, faster starting times for mobile applications and greater stability2,3,4,5. 
The cathode plays a critical role in establishing cell operating temperatures.  Activation 
polarization is typically more of an issue in cathodes than in anodes due primarily to the kinetics 
of the oxygen reduction reaction (attributable to the high bond strength present in oxygen 
molecules), which is several orders of magnitude slower than the reactions involving fuel 
oxidation6,7,8,9,10,11,12.  At the cathode, the dissociative adsorption of oxygen is a thermally 
activated process12—as the operating temperature is lowered, the rates of chemical reactions 
drop dramatically, and activation polarization at the cathode becomes an even larger issue.  Thus, 
cathode development is crucial for SOFC operating temperature reduction. 
Cathode performance is strongly dependent on interfacial polarization that occurs at the 
cathode/electrolyte interface, and is directly related to the resistance associated with each 
component13.  The charge transfer rate is correlated with microstructural characteristics of the 
electro-catalyst such as particle size and surface area. Hence, it is important to understand the 
behavior of electrodes in terms of microstructural and electrochemical parameters to optimize the 
material performance14, as well as limit formation of resistive phase(s) at the 
electrode/electrolyte interface that increase electrode polarization15. 
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Figure 1.  Arrhenius plot of area specific resistance (ASR) of selected cathodes, adapted from Xia et al.16.  
At the start of this project, the best performing—i.e., lowest area specific resistance 
(ASR)—cathodes were the Ag-Bi1.5Y0.5O3 (Ag-YSB) composite cathodes developed by Xia et 
al.16, Fig. 1.  It was our intent to surpass this benchmark, both in performance as well as stability.  
To achieve these goals two complimentary strategies were employed, (a) the development of 
novel cathode materials and (b) the optimization of (composite) cathode microstructures. 
Novel Cathode Materials.  Perovskites based on lanthanum manganese-cobalt-iron oxide 
system have been the material of choice6 for cathodes.  Numerous groups were already 
investigating this system, therefore we decided to investigate pyrochlores based on bismuth 
ruthenate, lead ruthenate, and yttrium ruthenate.7-10  Ruthenium oxide is known to be catalytic 
active towards oxygen reduction and has been studied as a cathode material.11  It is expected that 
solid solutions containing ruthenium oxide will also be catalytically active for O2 reduction.   
Catalytic activity of RuO2 and other transition metal oxides toward oxygen in red-ox 
reactions is well known17 and Ru is largely employed in low temperature polymer electrolyte 
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membrane fuel cells18. Ruthenium based pyrochlores have been investigated because of their 
high metallic or semiconducting electrical conductivity19,20 that allows the use of these oxides in 
catalysis21 and for electrochemical sensors22. A2Ru2O7-δ (A = Pb, Bi, Y) possess electric and 
catalytic properties similar to those of RuO2 
20,23,24,25,26.  A2Ru2O6.5 is a metallic conductor 
because of the interaction between Ru2O6 and A2O' through the Ru-O-A bonds (7), described 
with a Mott–Hubbard mechanism for metallic conductivity27.  
Yttrium ruthenium oxide, Y2Ru2O7 (YRO), has demonstrated promise as an SOFC 
cathode.  Nevertheless, YRO, which is a semiconductor, has relatively low electronic 
conductivity in the temperature range of 300-700°C.  Hence, to improve its conductivity we 
investigated the effects of doping YRO with praseodymium (to obtain Y2-xPrxRu2O7) to take 
advantage of the Mott–Hubbard mechanism, since Pr3+/Pr4+ is a larger cation than Y3+.  
Another promising pyrochlore ruthenate is lead ruthenate and its electrochemical 
properties were evaluated in this study.  Moreover, since the preparation of lead ruthenate by 
solid-state reactions28,29 has the disadvantage of needing excess lead, due to lead evaporation, 
and a synthesis temperature close to the lead ruthenate decomposition temperature (T = 1130K)30 
a new chemical route, called direct condensation method (DCM), was used to synthesize lead 
ruthenate nanocrystalline powders.  
Bismuth ruthenate has also shown promise as a cathode and indeed has even higher 
electrical conductivity than lead ruthenate.  Thus, we investigated the effect on the performance 
of bismuth ruthenate electrodes from (a) doping on Bi-site with aliovalent cations, and (b) using 
bismuth ruthenate-bismuth oxide composites.   
Finally, since the presence of resistive phase(s) at the cathode-electrolyte interface 
significantly increase the ASR, reactivity tests were performed to check the occurrence of 
chemical reactions between cathode and electrolyte materials.  
Composite Cathode Microstructure.  The oxygen reduction reaction is given by: 
                      
  
! 
1
2
O
2
+ VO
••
electrolyte
{
+ 2 " e 
cathode
{ # OO
$
electrolyte
{
                     (1) 
 4 
where   
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"  represent vacant and regular oxygen sites in the electrolyte lattice, 
respectively.  For electronic conducting cathodes, it is evident from Eq. (1) that the oxygen 
reduction reaction must occur where the gas phase, the cathode, and the electrolyte are in 
intimate contact.  These boundaries form one-dimensional lines called three phase boundary 
(TPB) lines.  As shown in Fig. 2, the reaction zone is restricted to a narrow region at the 
electrolyte/cathode interface.  The reaction zone can be extended to a three-dimensional volume 
above this interface by introducing a second, ion-conducting phase, Fig. 3.  The performance of 
these dual phase cathodes is significantly improved due to the increase in available sites for 
oxygen reduction. 
A well-behaved cathode must be a good catalyst for oxygen reduction, highly conductive, 
and chemically and thermally compatible with the electrolyte.  Due to the high concentration of 
oxygen defects present in its crystal structure, stabilized bismuth oxide exhibits excellent ionic 
conductivity, ranking among the highest of all fast-ion conductors at 600 °C31.  Below this 
temperature, stabilized bismuth oxide undergoes defect ordering, where the conductivity rapidly 
decreases with time32.  The exact transition temperature has not yet been fully resolved.  Silver is 
known to be an excellent catalyst for the oxygen reduction reaction, has high electronic 
conductivity, and is relatively inexpensive.  As shown above, Fig. 2, composites of silver and 
YSB were our benchmark since they exhibit some of the lowest area-specific resistance (ASR)  
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Metallic Particle
Electrolyte
Electrolyte
 
Figure 2.  Schematic representation of (a) the TPB lines formed between metallic particles and an 
electrolyte substrate, and (b) the reaction zone of a single-phase metallic electrode. 
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Figure 3.  Schematic representation of (a) the TPB lines formed between a metallic particle, an ion-
conducting particle, and an electrolyte substrate, and (b) the reaction zone of a dual-phase metallic-ion-
conducting electrode. 
values known to date for YSZ electrolyte substrates, over the temperature range of interest1.  
However, the long-term stability of these materials remains unchecked. 
The performance and long-term stability of Ag-YSB, Ag-Bi1.6Er0.4O3 (Ag-ESB) and 
bismuth ruthenate-ESB (BRO-ESB) composite cathodes were examined.  Ag-YSB composites 
were chosen for direct comparison to our benchmark system, developed by Xia et al.16.  Ag-ESB 
composites were studied for verification purposes and to improve performance (due to the higher 
ionic conductivity of ESB compared to YSB33).  Knowledge gained on the effects of 
microstructure was then applied to BRO-ESB, the most promising of the cathodes developed in 
this study.   
YSB (for Ag-YSB composites) and ESB (for Ag-ESB  and BRO-ESB composites) were 
chosen as the electrolyte substrates, since these should be chemically and thermally compatible 
with their respective composite cathodes, and to help identify possible ordering phenomena or 
phase transformation of the stabilized bismuth oxide phase.  The composition was varied to 
minimize ASR then the microstructure optimized by control of the relative particle sizes of the 
constituent phases of composites.  The isothermal annealing temperature was chosen to be 650 
°C to avoid defect ordering in the bismuth oxide phase.  It should be noted that at this 
temperature, YSB undergoes a massive cubic to rhombohedral phase transformation34,35, but its 
onset is somewhat sluggish and can be monitored by impedance measurements.  Finally, since 
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stable SOFC components should deliver relatively constant, non-changing performance for 
thousands of hours of operation, the effect of an applied DC bias on the electro-migration of the 
silver phase, is explored.  
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EXECUTIVE SUMMARY 
This research focused on developing low polarization (area specific resistance, ASR) 
cathodes for intermediate temperature solid oxide fuel cells (IT-SOFCs).  In order to accomplish 
this we focused on two aspects of cathode development: (1) development of novel materials, 
based on Ag-bismuth oxide composites, a series of pyrochlore structured ruthenates (Bi2-
xMxRu2O7, where M = Sr, Ca, Ag; Pb2Ru2O6.5; and Y2-2xPr2xRu2O7), and composites of the 
pyrochlore ruthenates with bismuth oxide; and (2) developing the relationships between 
microstructure and electrochemical performance by optimizing the Ag-bismuth oxide and the 
ruthenate-bismuth oxide composites in terms of both two-phase composition and particle 
size/microstructure.  We further investigated the role of thickness and current collector on ASR, 
as well as investigated issues of stability.  
Ag–ESB cermet electrodes showed excellent electrochemical performance.  Our Ag-ESB 
composite cathode has an ASR of 0.18 Ωcm2 at 600 °C, making it one of the lowest-resistance 
electrode systems reported to date and a significant improvement over our benchmark by Xia et. 
al who obtained an ASR of  0.3 Ωcm2 at 600 °C for their Ag-YSB composite.  However, 
impedance studies under current bias showed that the electrode microstructure was unstable at 
high bias currents at 625 °C, primarily due to the electro-migration of Ag along with the oxygen 
flux.  The high oxygen solubility in Ag results in good performance of the electrode, but it also 
results in the lowering of the melting point of Ag and its consequent electro-migration.   
Addition of 5 vol% YSZ nano-powders significantly improved unbiased electrode 
stability by 97 %, and reduced the initial, zero time ASR value by 31 %.  Similar results were 
obtained when YSZ-free electrodes were prepared from ESB powders composed of particles 
hundreds of nanometers in size as opposed to electrodes prepared from ESB powders composed 
of micron-sized particles—the zero time ASR value was reduced by 25 %, and ASR vs. time 
slope during unbiased testing of the silver-ESB system at 650 °C was reduced by 95 %.   
ASR vs. time slopes during testing under a 250 mV external applied bias were lowered 
by 50 % using the smaller ESB particles due to suppression of silver phase electro-migration.  
The stability of composite Ag-ESB electrodes under an applied bias still needs some 
improvement.  Improvements are likely with further reduction in ESB particle size down to 
several tens of nanometers.  Also, as the operating temperature of SOFCs is reduced, the 
migration of the silver phase will be suppressed even further.   
Lead ruthenate (PRO) was successfully synthesized by direct condensation method 
(DCM).  Sintering of PRO electrodes was optimized at 800 °C.  Low ASR values, e.g., 0.41 
Ωcm2 at 750 °C, of these PRO electrodes were obtained.  Also, ESB and PRO were determined 
to be compatible and thus suitable constituents of composite electrodes. Above 600°C where 
reaction at the TPB is not rate limiting PRO is a better cathode than PRO-ESB.  However, below 
600°C the extended TPB of the PRO-ESB composite results in a lower ASR cathode.  Further 
optimization of the microstructure and ESB/Pb2Ru2O6.5 ratio could result in lower ASRs. 
Yttrium ruthenate (YRO) is compatible with both GDC and ESB since no reaction 
products were found by XRD analysis after heat-treatment at 800 °C for 24 h.  We evaluated the 
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effect of Pr doping and found the best performing electrode was Y1.5Pr0.5Ru2O7 with an ASR, at 
700 °C, of 0.19 Ωcm2 on an ESB electrolyte and 4.23 Ωcm2 on a GDC electrolyte. The low value 
of resistivity of the Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 symmetric cell suggests that 
Y1.5Pr0.5Ru2O7 in a composite with ESB would be a promising cathode material for IT-SOFCs. 
This study further showed that the performance of bismuth ruthenate (BRO) cathodes is 
very promising.  However, doping with lower valent cations on the Bi-site, in order to improve 
the ionic conductivity, was not very effective in improving the performance of bismuth ruthenate 
cathodes. At 700 ºC, the ASRs of undoped, 5 mol % Ca, and 5 mol% Sr doped BRO electrode 
were 1.45 Ωcm2, 1.24 Ωcm2, and 1.41 Ωcm2, respectively.  The rate limiting step for the oxygen 
reduction reaction in 5 mol% Ag doped bismuth ruthenate electrode was found to be the surface 
diffusion of dissociatively adsorbed oxygen, while for 5 mol% Ca doped system multiple rate 
limiting steps were observed in the oxygen partial pressure range studied.  Doping with 5 mol% 
Ca and Ag changed the electrode capacitance behavior, both as function of temperature and 
oxygen partial pressure. 
Finally, BRO-ESB composite cathodes developed in this study show performance that is 
comparable to the very best new IT-SOFC cathode materials.  The high performance of BRO-
ESB composites is due to the high ionic conductivity of ESB and high electronic conductivity of 
BRO.  Addition of the ESB phase reduced the ASR of single phase BRO electrode by as much as 
a factor of twenty.  The presence of ESB particles not only increases the concentration of TPBs 
and ionic conductivity of the composite electrode, but possibly also reduces the surface diffusion 
path to the TPBs resulting in improved electrode performance.  Moreover, both BRO and ESB 
are catalytic active towards oxygen reduction.  Furthermore, BRO is compatible with stabilized 
zirconia, doped ceria, and stabilized bismuth oxide, and therefore, BRO-ESB composites could 
be suitable for IT-SOFCs based on any of the three fluorite electrolyte systems. 
The resulting Bi2Ru2O7-Bi0.8Er0.2O1.5 composite cathode has an ASR of 0.73 Ωcm
2 at 500 
°C, 0.053 Ωcm2 at 650 °C and 0.03 at 700 °C.  These ASRs are truly impressive and makes them 
among the lowest IT-SOFC ASRs reported to date. At high temperatures, the optimized BRO-
ESB composite has outstanding performance and is comparable with our Ag-ESB.  In addition, 
due to its low activation energy, it is even more competitive at lower temperatures, and has better 
performance than BSCF at temperatures below 500 °C.  Further improvements are likely to 
result from a compositional study of the optimized electrode. 
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EXPERIMENTAL 
SAMPLE FABRICATION 
Cathode Powder Synthesis 
Bismuth Ruthenate (Bi2-xMxRu2O7, where M = Sr, Ca, Ag).  Conventional solid state 
synthesis was used to fabricate the bismuth ruthenate powders.  Bi2O3 (99.9995%, Alfa Aesar), 
RuO2.XH2O (99.99%, Alfa Aesar), CaCO3 (99%, Fisher Scientific), Sr(NO3)2 (99.97%, Alfa 
Aesar) and Ag (99.9%, Alfa Aesar) were mixed in stoichiometric amounts in an agate mortar and 
pestle, and calcined at 900 ºC for 10-12 hours to achieve undoped and doped Bi2Ru2O7 
pyrochlore phase.  The calcined powder was leached with dilute HNO3 to remove the sillenite 
type-impurity phase.   
Lead Ruthenate (Pb2Ru2O6.5).  A 10
-1 M water solution of Pb(NO3)2 and RuCl3 (Alfa 
Aesar) was prepared under stirring.  Tetramethylethylendiamine (TEMED) was added to the 
solution in the ratio 20:1 to the total amount of cations. The amine in water leads to a strong 
exothermic hydrolysis reaction and to the co-precipitation of a Pb/Ru gel precursor.  Then, the 
gel was aged for three days, filtered and washed several times with deionized water.  The 
resulting aged gel was dried overnight and calcined in air at selected temperatures in the 400-900 
°C range. The products were milled in an agate mortar.  
Prasodymium-Doped Yttrium Ruthenate (Y2-2xPr2xRu2O7).  A co-precipitation method 
was used to prepare the pyrochlore powder, using Y(NO3)3•6H2O and RuCl3•xH2O (Alfa Aesar) 
as starting materials, in a stoichiometric ratio.  Both reagents were dissolved in de-ionized water; 
then the two solutions were mixed together to obtain a 0.1 M cationic concentration.  The 
precipitation of the hydroxide complexes was obtained using an organic amine [10].  The 
precipitate was separated by filtration and washed several times in de-ionized water.  The 
hydroxides were calcined at 1050˚C for 10 hours to obtain Y2Ru2O7.  The same chemical process 
was used to obtain Y2-xPrxRu2O7, using Pr(NO3)3•xH2O (Alfa Aesar) as starting material. 
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Erbia- and Yttria-Stabilized Bismuth Oxides.  YSB (Bi0.75Y0.25O1.5) and ESB 
(Bi0.8Er0.2O1.5) powders were prepared by conventional solid-state synthesis.  Stoichiometric 
amounts of bismuth oxide (Alfa Stock #10658) and yttrium oxide (Alfa Stock #11181) or erbium 
oxide (Alfa Stock #11309) were ball-milled in ethanol for 24 h.  The solutions were then dried at 
90 ˚C for 4 h, calcined at 800 ˚C for 15 h, crushed and sieved (325 mesh size). 
For the composite electrodes, 20 mol% erbia stabilized bismuth oxide (ESB) powder was 
prepared using an amorphous citrate route.  Bi(NO3)3.5H2O (99.999 %, Alfa Aesar) and 
Er(NO3)3.5H2O (99.9 %, Alfa Aesar) in desired weight ratios were first dissolved in dilute nitric 
acid solution, and then citric acid was added in a metal cation:citric acid molar ratio of 1:1.5.  
The solution was gelled and foamed at 80-100 ºC.  The precursor was then calcined at 500 ºC. 
Cathode Slurry/Paste: Preparation and Coating 
Bismuth Ruthenate.   BRO electrode paste was made by mixing the desired weight ratios 
of the powders with Heraeus V006 binder.  The electrode paste was brush-painted on GDC 
electrolyte pellets, dried at 150 ºC, and sintered with Pt lead wires at 800 ºC for 2 hours to form 
symmetrical cells.  BRO powders were mixed with polyethylene glycol and ethanol and milled 
for several hours. The BRO suspension was ultrasonically stirred for 2 h and dried overnight at 
80 °C, and the resultant slurry was deposited asymmetric electrodes on ESB and GDC pellet 
surfaces by hand-painting. 
Lead Ruthenate.  Electrodes were fabricated starting from lead ruthenate powder calcined 
at 700 °C for six hours. Pb2Ru2O6.5 and Pb2Ru2O6.5-ESB (50% vol) slurries were prepared using 
an organic binder in ethanol, and mixing in ball mill overnight.  Screen printing was used to 
deposit the electrodes.  Pb2Ru2O6.5 electrodes were sintered at selected temperatures between 700 
°C and 875 °C: 700 °C, 800 °C for 3 hours (PRO700 and PRO800) and 875 °C for 30 minutes 
(PRO875).  While Pb2Ru2O6.5-ESB composite electrodes were sintered at 700 °C and 800 °C for 
3 hours (PRO-ESB700 and PRO-ESB800). 
Erbia- and Yttria-Stabilized Bismuth Oxide.  For the composite electrode slurry, crushed 
and sieved ESB and YSB25 powders were either used as-prepared or a vibratory mill was used 
to reduce particle size.  For vibratory milling, 10 g of powder plus 300 g of cylindrical zirconia 
grinding media and 200 mL isopropyl alcohol were placed into 250 mL Nalgene bottles.  These 
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bottles were covered with duct tape and placed into a Sweco model M18-5 vibratory mill for 
seven days using appropriate counter weights.  Inks were prepared by combining organic 
vehicles with mixtures of metallic (silver) and ceramic (ESB alone or ESB and Tosoh 8YSZ) 
powders.  Once an appropriate viscosity was reached, the inks were applied to both sides of the 
electrolyte substrates by screen printing (AMI model HC-53 screen printer) to give 
symmetrically-electroded cells.  The electrodes had thicknesses of ~30 µm and geometric surface 
areas of ~0.79 cm2. These cells were dried at room temperature for 1 h, followed by drying at 
120 °C for 1 h.  This process was repeated for a second coat.  The doubly-coated cells were then 
fired at 750 °C for 1 h. 
Composite Ag-bismuth oxide cathode inks were prepared by adding Ag to the sieved 
oxide powders (volume ratio of Ag:bismuth oxide = 60:40).  Ethanol and organic vehicles (a-
terpineol as the solvent, di-n-butyl phthalate as the plasticizer, and polyvinylbutyral as the 
binder) were added until a viscosity appropriate for brushing was achieved.  A similar recipe was 
followed for preparing the pure silver electrode ink.  Symmetric cells were prepared by paint 
brushing the cathode slurry to each side of the bismuth oxide pellets, drying at 120 °C for 1 h, 
and firing at 750 °C for 1 h. 
For the BRO-ESB composite electrode slurries, the crushed and sieved powders were 
either used as-prepared or a vibratory mill was used to reduce particle size as described above.  
In addition, sedimentation was performed to further reduce particle size and size distribution.  
Powders were mixed in a medium (1 g/50 mL ratio) in Nalgene bottles, ultrasonicated for 30 min 
to break up soft agglomerates, and allowed to settle for 1.5 h for the case where smaller particles 
were preferred or two minutes for the case where larger particles were preferred.  The 
supernatant was carefully collected with pipettes and dried to 80 °C.  Note that isopropanol was 
used as the sedimentation medium in preference to de-ionized water to avoid the formation of 
Bi(OH)3 platelettes which convert δ-Bi2O3 upon firing. 
BRO and ESB powders were then weighed in appropriate ratios.  Inks were prepared by 
combining organic vehicles with these mixtures of BRO and ESB powders or pure BRO for the 
current collector.  Once an appropriate viscosity was reached, the inks were applied to both sides 
of the electrolyte substrates by paint brushing to give symmetrically-electroded cells.   
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These cells were dried at room temperature for 1h, followed by drying at 120 °C for 1 h, 
and firing at 800 °C for 2 h.  Note that in order to vary electrode thickness, or for the addition of 
the current collector, successive layers were added after the drying stage, but before the firing 
stage.  This was done to reduce densification and grain growth within the cathode, as well as 
minimize ruthenium loss in the BRO phase.25 
Electrolyte/Substrate Preparation 
Electrolyte pellets were made from gadolinia doped ceria (GDC) powders (Rhodia) 
uniaxially pressed and sintered at 1450 °C.  ESB and YSB powders were uniaxially pressed at 
~70 MPa using a cylindrical half-inch die, isostatically pressed at 250 MPa, and sintered at 890 
°C for 15 h to form electrolyte support pellets.  All pellets measured ~1.1 cm in diameter.  ESB 
and YSB pellets measured ~3.1 mm and ~3.6 mm in thickness, respectively.  The relative 
porosities of the ESB and YSB pellets were ~92 % and ~84 % of theoretical, respectively.  Pellet 
surfaces were carefully polished to obtain a flat and smooth surface before the electrode 
deposition.  
CHARACTERIZATION 
Electrochemical Performance   
Current collectors and (Au or Pt) lead wires were pressed against the samples in a quartz 
reactor by the use of a ceramic screw-and-bolt assembly.  The quartz reactor was placed into a 
temperature-controlled furnace and cell temperature was maintained and monitored by a 
thermocouple flanking the sample. Various gas mixtures were fed through the reactor using mass 
flow controllers.  For some experiments oxygen partial pressure was varied between 0.04 atm  
and 1 atm by using O2/air-N2 gas mixtures.  
Cathode performance was determined by electrical impedance spectroscopy (EIS) using a 
Solartron 1260 frequency response analyzer with a perturbation voltage of 50-100 mV in the 
frequency range of 0.1 Hz to 32 MHz.  All impedance studies were conducted on symmetrical 
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cells at temperatures between 200-800 ºC.  A Solartron 1287 interface was added for testing 
under an applied bias of 250 mV.  EIS data were analyzed using Zview® software. 
Stability and Reactivity 
X-Ray Diffraction (XRD) and Differential Thermal Analysis (DTA).  The samples were 
characterized using XRD (Philips APD – 3720; CuKα x-rays).  Lattice parameters of the cathode 
materials were calculated by JADE (MDI) software using whole pattern fitting and Rietveld 
refinement.  X ray diffraction in Braggs–Brentano configuration was used for phase 
identification.  X-ray diffraction was also used to determine inter-phase reactivity between silver 
and ESB.  The diffraction spectra of mixed raw powders were compared against mixed powders 
which were annealed at 600 ˚C for 48 h. 
Reactivity tests between ESB, lead ruthenate and RuO2 (Alfa Aesar) were performed on 
ESB-Pb2Ru2O6.5 (molar ratio 1:1), ESB-RuO2 (molar ratio 1:3) and ESB-Pb2Ru2O6.5-RuO2 
(molar ratio 4:1:8) composite pellets uniaxially pressed and sintered at 850 °C for 12 h.  XRD 
and EDS analysis were used to identify crystalline phases and chemical compositions. 
Differential thermal analysis (TA-1290) was used to study the eutectic between bismuth 
ruthenate and bismuth oxide; powder mixtures of ~10 mg mass were heated from room 
temperature to 900 ºC at 20 ºC/min in alumina cups with calcined Al2O3 as reference material.  
For the reactivity tests, powders mixtures of bismuth ruthenate with 11 mol% GDC (Rhodia) and 
ESB were heat-treated at temperatures between 750 ºC  and 850 ºC for 10 hours. 
Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS).  
Scanning electron microscopy (SEM) was used to analyze electrode microstructures.  Both JEOL 
JSM 6400 scanning electron microscope and JEOL JSM 6335F field emission scanning electron 
microscopes were used in this study for generating secondary and backscattered microstructural 
images.  Energy dispersive spectroscopy (EDS,  INCA) were used to analyze the elemental 
composition of powders and precursors. 
Electron probe microanalysis (JEOL Superprobe 733) was performed on a sample with 
pure silver electrodes to determine if any diffusion of silver into the electrolyte has occurred 
during testing.  A sample was annealed at 600 °C for 7 days, encased in epoxy resin and set for 
 14 
24 h.  The sample was then polished down to 1 µm, and a line-scan was performed across the 
electrolyte/cathode interface—the atomic percent of each element present recorded at each 
position in the scan. 
Cathode morphology was characterized by the use of a JEOL model JSM-6335F field-
emission scanning electron microscopy (FESEM).  Samples which had undergone long-term 
stability testing were compared against virgin samples to detect any visible microstructural 
changes that might have occurred during testing. 
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RESULTS AND DISCUSSION 
SILVER-BISMUTH OXIDE COMPOSTE CATHODES 
As stated in the introduction Ag-YSB (1) was our benchmark for the lowest published 
ASR, therefore, we started our studies by reproducing its performance.  Subsequently, we were 
able to surpass the benchmark by optimizing the composition (i.e., the volume ratio of the 
constituent phases) and the microstructure (i.e., the particle size ratio of the constituent phases).  
Stability issues, which are often under reported, were also addressed for this cathode system. 
Compositional Optimization 
Figure 4 shows the impedance and corresponding trend in cathode ASR over a range of 
composition for the ESB-Ag system at 600 °C.  A minimum value observed at 50 vol% ESB.  
For a two-phase composite whose particle sizes are roughly the same, and assuming the solid 
phases and pores are randomly distributed and the porosity is open and sufficiently large, the 
TPB length should reach a maximum if the two solid phases are present in equal fractions of the 
overall electrode volume.  As discussed previously, TPB length is important in two-phase 
cathode systems since the oxygen reduction reaction that is occurring can only proceed at sites 
where all three reactants are present—as the cathode TPB length increases, so do the number of 
reaction sites, and hence cathode activation polarization decreases. 
Electrode area specific resistance (ASR) was calculated from 
                           ASR = Rp ×A/2                          (2) 
where Rp is the electrode polarization discussed above, A is the electrode area, and the factor ‘2’ 
is used to account for the fact that each cell contains two (approximately identical) electrodes. 
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Figure 4.  (a) Impedance spectra and (b) electrode ASR vs silver content of Ag-ESB showing 
compositional optimization at 600 °C. 
Figure 5 shows the comparison of the ASR obtained in this study for Ag-ESB cathodes 
(on an ESB electrolyte) with the results adapted from Xia et. al.16 for Ag-YSB (on YSZ 
honeycomb electrolytes) and other reported cathodes.  The Ag-ESB composite cathode has an 
ASR of 0.18 Ωcm2 at 600 °C, making it one of the lowest-resistance electrode systems reported 
to date and a significant improvement over that produced by Xia et. al16, Fig. 1, who obtained an 
ASR of  0.3 Ωcm2 at 600 °C for their Ag-YSB composite (our benchmark).  
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Figure 5.  Arrhenius plot, adapted from Xia et. al.16, comparing the ASR of Ag-ESB (this work) with the 
best cathodes reported in the literature at the start of this study.  
Stability: Thermal Performance Decay due to Microstructural Evolution 
Once we reproduced/exceeded the performance of the Ag-YSB cathodes of Xia et al.16, 
we next focused on the stability of these low ASR cathodes. 
Impedance spectra for the long-term testing of pure Ag, Ag-ESB and Ag-YSB systems at 
650 °C are shown in Fig. 6, with the data Rs-corrected for ease in comparison.  That is, the high-
frequency real-axis intercept (bulk resistance or Rs) of each spectrum has been subtracted from 
the real component of each data point in the spectrum.  Plotted this way, the low-frequency real-
axis intercept corresponds to the electrode polarization resistance, Rp.  It is clear from this figure 
that the electrode polarization for each system is increasing with time. 
Electrode area specific resistance (ASR) is plotted against time for all systems at 650 °C 
in Fig. 7.  The initial zero time value of ASR for the Ag-YSB and Ag-ESB systems were 
similar—0.04 Ωcm2 and 0.06 Ωcm2, respectively.  Surprisingly, the Ag-YSB electrode system 
exhibited lower resistance than the Ag-ESB system, despite the higher ionic conductivity of the 
ESB phase.  Also, the resistance of these electrodes is significantly lower than that reported by 
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Figure 6.  Impedance spectra obtained from a symmetrical Ag-ESB/ESB/Ag-ESB (a), Ag-YSB/YSB/Ag-
YSB (b), and Ag/ESB/Ag (c) cells tested at 650 °C over a period of 100 h.  The data are Rs-corrected.  
Arrows indicate direction of increasing time. 
Xia et. al.16 for their Ag-YSB system at the same temperature (greater than 0.1 Ωcm2).  
Differences in processing routines could lead to variations in electrode porosity, thickness, 
relative particle sizes, and inter-particle necking, accounting for the observed differences in 
performance between the two studies and between the two electrodes Ag-YSB and Ag-ESB.  In 
addition, since the present electrode study was performed on electrolytes having the same 
composition as the ionic conducting phase in the electrodes, the interfacial resistance may be 
lower than similar electrodes placed on YSZ electrolytes. 
All systems experience significant increases in ASR during the 100 h stability experiment 
both the Ag-YSB and Ag-ESB electrode ASR values increased by around 70% (from 0.04 Ωcm2 
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Figure 7.  Electrode ASR vs. time for Ag-ESB, Ag-YSB, and pure Ag at 650 ˚C. 
to 0.07 Ωcm2 (75%) and from 0.06 Ωcm2 to 0.10 Ωcm2 (67%) for Ag-YSB and Ag-ESB 
respectively), while the pure Ag system experiences a near fourfold increase (from 0.92 Ωcm2 to 
3.55 Ωcm2) during the same length of time.  Linear regression of the data (based on the first 10 h 
of testing) yields a degradation rate of 4.4x10-4 Ωcm2/h for Ag-ESB and 1.2x10-4 Ωcm2/h for Ag-
ESB.  The pure Ag electrode degrades at a rate more than two orders of magnitude faster—
8.7x10-2 Ωcm2/h.  It should also be mentioned that the rate of change in ASR with time is linear 
for Ag-ESB electrodes, while for the Ag-YSB system deviates slightly from linearity beginning 
approximately 50 h after commencement of testing.  For the pure Ag system, this rate of change 
is strongly non-linear and is in the opposite direction compared to the Ag-YSB system. 
Figure 8 is a plot of the time-dependent relative conductivity (from Rs) for both bismuth 
oxide electrolyte systems.  Relative conductivity is the ratio of the electrolyte conductivity  
(determined from impedance spectra high-frequency intercepts) at time, t, to the initial 
conductivity value at t = 0.  Both electrolytes seem to be relatively stable—both maintaining over 
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Figure 8.  Change in electrolyte relative conductivity vs. time for ESB and YSB at 650 ˚C. 
90% of their initial conductivities— however, YSB experiences significant decay in conductivity 
starting 50 h into testing, while ESB underwent a slight increase in conductivity (+3.0x10-5 Scm-
1/h).  The trend for YSB is consistent with results reported by Fung and Virkar35 where YSB 
undergoes a cubic-rhombohedral phase transformation at this temperature.  Post-mortem XRD 
studies confirm formation of a rhombohedral phase.  Jiang and Wachsman36 showed that ESB 
undergoes no such phase transformation, which is consistent with the trend for ESB in Fig. 8. 
Since the resistance of bulk-related phenomena of both systems remained relatively 
constant during the first half of the stability test, it may be concluded that little if any defect 
ordering has occurred in the YSB and ESB electrolytes.  It follows that minimal defect ordering 
has occurred in the bismuth oxide phase of each cathode.  Further, during this initial 50 h regime, 
the trend in electrolyte conductivity is slightly upward for ESB, and slightly downward for YSB.  
This trend is opposite to that observed for cathode ASR values, where the cathode containing 
YSB decayed at a slower rate than that containing ESB, suggesting the impact of the bismuth 
oxide phase on cathode degradation is minor at this temperature.  In addition, the ASR of the 
pure Ag electrode rises at a much faster rate than either composite system.  Thus, it is suspected 
that the silver phase is the major source of the observed increase in electrode polarization.  
However, the more dramatic decay in YSB conductivity at longer times may cause the observed 
non-linear increase in ASR with time for the Ag-YSB system (Fig. 7). 
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Figure 9.  EPMA line-scan of a sample with pure Ag electrodes, annealed at 750 ˚C for 48 h. 
EPMA, XRD, and SEM analysis were performed on several samples to elucidate the 
compositional and microstructural changes that might transpire during testing.  Figure 9 shows 
the results of EPMA testing on a YSB sample prepared with a pure silver electrode and annealed 
at 750 ˚C for 48 h.  The atomic percent of all elements is consistent with what is expected on 
both sides of the interface.  Thus, it is concluded that silver did not diffuse across the interface 
into the electrolyte. 
X-ray diffraction patterns of mixed silver and erbium-stabilized bismuth oxide powders 
(ESB) before and after heat treatment at 750 ˚C for 48 h are shown in Fig. 10.  The patterns 
reveal no evidence of inter-phase reactivity after heat treatment.  Since silver neither diffused 
into nor reacted with the electrolyte phase at 750 ˚C, it is reasonable to assume the same is true 
for all samples tested at 650 ˚C. 
Microstructural comparisons of the three different electrode systems before firing, after 
firing, and after testing at 650 °C for 100 h are shown in Figs. 11-13.  All three systems exhibit a 
dramatic growth of the silver phase after firing at 750 °C for 1 h.  However, the silver phase in 
the composite electrodes show significantly less growth and coalescence compared to the pure 
Ag system, as the ceramic phase helps restrict the migration of the silver phase.  After 100 h of 
testing at 650 °C, the pure Ag electrode appears fully dense. 
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Figure 10.  XRD spectra of Ag-ESB powder mixtures before and after co-firing at 750 °C for 48 h.  
Square markers identify cubic fluorite peaks of the ESB phase, circle markers identify silver peaks. 
The porosity of the Ag-ESB electrode decreased significantly after testing.  Domains of 
coalesced silver are evident, and ESB particles between these domains have been forced closer 
together, further reducing porosity and TPBs.  Growth and coalescence of the silver phase is also 
evident in the Ag-YSB electrode though to a lesser extent.  It is believed that the smaller starting 
size of the YSB particles (as evidenced in the unfired electrode micrographs) helped to lower the 
mobility of the silver phase by providing the electrode with a higher surface area. 
Increased grain size correlates with reduced TPB lengths, and hence a smaller reaction 
zone for oxygen reduction.  Increased density can lead to concentration polarization effects, 
where the reaction species (oxygen ad-molecules) are being supplied to the reaction sites more 
slowly than they are being consumed.  The trends in electrode ASR shown in Fig. 7 can be 
rationalized in terms of these microstructural observations.  Pure Ag undergoes the most 
dramatic densification during testing, and also exhibits the most dramatic rise in ASR with time.  
It is reasonable to expect that as the densification process of Ag nears completion, changes in 
porosity and TPB lines will slow, and hence the electrode ASR will level off at longer times, as 
was observed.  The composite electrodes experience a much less severe change in microstructure 
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Figure 11.  SEM micrographs comparing the morphology of Ag-ESB electrodes before (a) and after (b) 
firing at 750 °C for 1 h and (c) after testing at 650 °C for 100 h. 
after firing and during testing, particularly the Ag-YSB system.  This is reflected in the more 
than two orders-of-magnitude slower rate of ASR increase for these composite systems, and the 
slightly slower rate for Ag-YSB compared with Ag-ESB.  The finer silver phase microstructure 
of the fired, untested Ag-YSB electrode relative to the untested Ag-ESB electrode may also 
explain why the electrode containing YSB exhibited the lower initial zero time ASR value 
despite the higher ionic conductivity of ESB.  Trans-granular platelet structures similar to those 
observed by Fung and Virkar34, 35 were found in the YSB phase of the electrode and in the 
electrolyte near the electrode interface, supporting the assertion that some cubic-rhombohedral  
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Figure 12.  SEM micrographs comparing the morphology of Ag-YSB electrodes before (a) and after (b) 
firing at 750 °C for 1 h and (c) after testing at 650 °C for 100 h. 
phase transformation occurred during testing.  This phase transformation likely led to the 
observed drop in electrolyte conductivity and rise in electrode ASR at longer times. 
From the above observations, it is concluded that the main source of instability of the 
composite Ag-bismuth oxide electrodes is the migration of the silver phase, rather than reactivity 
or defect ordering of the stabilized bismuth oxide phase.  Moreover, as demonstrated in the 
following section, silver migration is even more severe when operating under an applied bias37,38.   
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Figure 13.  SEM micrographs comparing the morphology of pure Ag electrodes before (a) and after (b) 
firing at 750 °C for 1 h and (c) after testing at 650 °C for 100 h.  Delamination caused by fracturing for 
SEM analysis. 
On the basis of electrochemical impedance and microstructural analysis, it is concluded 
that as-prepared Ag-bismuth oxide composites have inadequate microstructural stability for long-
term, IT-SOFC cathode applications.  The silver phase is deemed to be responsible for 
degradation in performance over time due to grain growth and electrode densification. 
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Stability: Performance Decay Under Applied D.C. Bias   
Impedance plots of the electrode at 500 °C under 0–72 mA current bias are shown in Fig. 
14.  Under bias, the electrode impedance will consist of contributions from anode and cathode 
reactions, and a three-electrode cell is required to separate the two. In the present study with 
symmetrical cells, the electrode performance is analyzed with the assumption that the oxygen 
reduction reaction at the cathode is the dominant contribution. 
 
 
Figure 14.  Impedance plots of Ag–ESB electrode at 500 °C under different bias currents (a) and (b) 
imaginary vs. real impedance (c) and (d) imaginary impedance vs. frequency. 
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Figure 15.  Ag–ESB electrode resistance vs. bias current at 500 and 625°C. 
The electrode impedance decreased with bias current as shown in Fig. 15, which suggests 
that within the current range studied the electrode impedance is dominated by activation 
polarization.  The electrode impedance consisted of at least two arcs: a low frequency arc with a 
characteristic frequency at ∼0.3 Hz and a high frequency arc with characteristic frequency at 
∼630 Hz. The plot of the imaginary part of impedance (Z″) vs. log frequency (f) provides a 
better representation of the frequency distribution in the impedance data. On application of the 
bias current, the dominant low frequency arc divided into two arcs with significantly smaller 
impedance, while the impedance of the high frequency arc remained unaffected. The 
characteristic frequency of the middle arc increased with the bias current, while on the other 
hand the characteristic frequency of the low and high frequency arcs appear to be independent of 
the applied current bias. The electrode arcs represent the different reaction steps in the electrode 
reaction, and it is suggested that the low and middle frequency arcs are related to charge transfer 
step, while the high frequency arc is related to the bulk transport in the electrode. 
Impedance plots of the electrode at 625 °C under different current biases are shown in 
Fig. 16.  As expected, the activation polarization at 625 °C is much smaller in comparison to 500 
°C as shown in Fig. 15.  The electrode impedance consisted of at least two arcs: a low frequency  
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Figure 16.  Impedance plots of Ag–ESB electrode at 625°C under different bias currents (a) imaginary 
vs. real impedance (b) imaginary impedance vs. frequency. 
arc with a characteristic frequency at ∼16 Hz and a high frequency arc with a characteristic 
frequency at ∼251 Hz.  As in the case of 500 °C, impedance of the dominant low frequency arc 
decreased with the bias current, while the impedance of the high frequency arc remained 
unaffected.  However, at 625 °C the electrode performance was not stable under 250 mA bias, 
and the electrode resistance increased by six times after ∼22 h as shown in Fig. 17.   
The magnitude of the high frequency electrode impedance arc increased with time and 
eventually became the dominant arc, which indicates that it might be related to some sort of 
concentration polarization. Interestingly, the magnitude of the high frequency arc reduced on  
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Figure 16.  Impedance plots of Ag–ESB electrode under 250mA bias at 625°C (a) imaginary vs. real 
impedance (b) imaginary impedance vs. frequency. 
removing the bias at the end of the experiment, and once again, the low frequency arc became 
the dominant arc. 
After the experiment at 625 °C under 250 mA bias, the top surface of the anode looked 
silvery which was initially light brown in color, and the cathode peeled off very easily with a 
silver layer at the electrolyte interface. SEM micrographs of the electrode/electrolyte interface at 
the anode and cathode after ∼26 h at 625 °C under 250 mA bias are shown in Fig. 18.  
Significant electro-migration of Ag occurred along with the oxygen flux to the  
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Figure 18.  Cross-section of the electrolyte/electrode interface after annealing experiments at 625 °C 
under 250 mA bias for ∼26h (a) anode (b) electrolyte interface after cathode peeled off. 
electrode/electrolyte interface at the cathode and to the top surface at the anode. In fact, the 
samples tested at 625 °C under 100 mA also showed electro-migration but to a comparatively 
less extent, whereas the other samples tested at 300 °C and 500 °C under bias maintained a 
uniform mixture of Ag and ESB phase in both electrodes after the test. 
A schematic of the proposed electrode reaction mechanism is shown in Fig. 19.  It is 
suggested that the low frequency arc is related to the charge transfer step, while the high 
frequency arc is related to the bulk transport of oxygen in the silver particles. The electrode 
response under no bias is limited by the charge transfer step, and on application of the bias the 
charge transfer resistance decreases, though along with Ag electro-migration in the electrode.  
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Figure 19.  Proposed electrode reaction mechanism for Ag–ESB electrodes under (a) no bias and (b) bias. 
The migration with time results in the formation of a dense Ag layer at the 
cathode/electrolyte interface and in the bulk transport contribution in the electrode impedance.  
As mentioned earlier, the formation of the dense Ag layer resulted in the eventual reduction of 
the electrolyte at the cathode; however, it was not detected in the impedance plots. 
Oxygen diffusivity (D0) and solubility (C0) in Ag layer for the case of finite Warburg 
diffusion could be calculated using the following equations 
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where ωmax is the frequency at the maximum value of the imaginary component,  is the 
diffusion length, and ZD(ω→0) is the real intercept39.  For Ag–ESB electrode at 625 °C, 250 mA 
after ∼26 h, the calculated values for D0 and C0, assuming 1 m diffusion length, are 6.2 × 10
-6 
cm2/s and 2.9 × 10-6 moles/cm3, respectively.  The calculated values match well with 
experimental values for D0 (7.4 × 10
-6 cm2/s) and C0 (1.9 × 10
-6 moles/cm3) reported in the 
literature40, which supports the argument that the high frequency arc in the electrode impedance 
is related to the oxygen diffusion in Ag. 
Phase equilibria between Ag and Ag2O has been studied by Assal et al.
41. Ag forms a 
eutectic with Ag2O at 530 °C and 519 atm O2.  The liquidus temperature in an oxygen-free 
atmosphere is 962 °C, which is lowered to 951 °C and 939 °C in air and 1 atm O2, respectively. 
The high performance of the Ag electrodes for oxygen reduction is because of its oxygen 
solubility which also results in the formation of the eutectic, and as found in this study will 
consequently lead to electro-migration of Ag along with the oxygen flux above the eutectic 
temperature.  Therefore, electrodes containing Ag in sufficient proportions should not be 
expected to be microstructurally stable for long periods of time even at intermediate 
temperatures.  Ag–Pt and Ag–Pd alloys with higher melting points can be better than Ag, though 
they will be much costlier alternatives. 
Improving Stability and Area Specific Resistance through Microstructural Control. 
As discussed above, microstructural evolution of the silver phase leads to substantial 
reduction in the performance of these electrode systems.  In order to improve the stability of 
these electrodes we investigated two approaches as described below. 
Addition of Nano-Sized YSZ Particles.  The first attempt to improve stability involved the 
use of nano-sized ceramic particles.  In theory, the increased surface area provided by these 
particles should increase the energy required for silver to migrate over a given distance inside the 
electrode.  Nano-sized 8 mol% YSZ powder was used in this study as it is readily available and 
non-reactive toward Ag and ESB in the temperature range of interest.  Various YSZ/ESB 
compositions were tested, keeping the Ag volume fraction constant.  That is, cathodes with 
composition Agx-(YSZy-ESB1-y)1-x were prepared, where x = 0.5, and y = 0, 0.05, 0.10, and 0.15 
represent fractions of the total cathode solids volume. 
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Figure 20.   Nyquist plots for silver-ESB composite electrodes containing 0 vol% (a), 5 vol% (b), 10 
vol% (c), and 15vol% (d) 8YSZ nanoparticles.  Samples were tested at 650 °C in air for 100 h under no 
applied bias.  Note that the electrolyte resistance has been subtracted from all Nyquist plots. 
Impedance spectra and electrode ASR versus time under no applied bias are shown in 
Figs. 20 and 21.  It is clear from the impedance spectra that all samples containing the nano-sized 
YSZ powder additions were relatively stable compared to the YSZ-free sample.  The electrode 
ASR degraded at a rate of 4.1×10-4 Ωcm2/h, 1.3x10-5 Ωcm2/h, 2.5×10-5 Ωcm2/h and 3.1×10-5 
Ωcm2/h for 0 %, 5 %, 10 %, and 15 % YSZ, respectively.  The largest stability improvement (a 
97 % reduction in ASR vs. time slope) was achieved at the lowest YSZ loading, 5 %.  In 
addition, the initial zero-time ASR value of this composition was 31 % less than that of the YSZ- 
free composition (0.043 Ωcm2 and 0.062 Ωcm2 for 5 % and 0% YSZ, respectively), despite the 
substitution of 5 vol% YSZ for the high conductivity ESB phase.  Samples with higher 
concentrations of YSZ exhibited higher initial ASR values, as expected—0.057 Ωcm2 and 0.077 
Ωcm2 for 10 % and 15 %, respectively—but showed electrode stability improvement over the 
non-YSZ composite.  However, the ASR vs. time slopes increased as YSZ content increased. 
In Fig. 22, a comparison between backscattered SEM images of tested samples shows 
how the silver particles have been restrained from coalescence, allowing porosity to remain open 
and three phase boundaries (TPBs) to remain high, compared to the case with no YSZ additions.  
Further, the size of the silver grains decreases with increased YSZ content. 
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Figure 21.  Effect of time on ASR of silver-ESB composite electrodes containing various volumetric 
amounts of 8 mol% YSZ nano-particles.  Measurements taken at 650 °C in air under no applied bias. 
 
Figure 22.  Backscattered electron SEM images of tested (650 °C, 100 h in air under no applied bias) Ag-
ESB electrodes containing 0 vol% (a), 5 vol% (b), 10 vol% (c), and 15 vol% (d) YSZ nano-particles. 
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Figure 23.  SEM images of an untested (a) and tested (600 °C, 48 h in air under no applied bias) (b) 
silver-ESB electrodes containing 15 vol% 8YSZ nano-particles. 
Figure 23 is a secondary electron image comparing the 15 % YSZ sample before and 
after testing.  Grain size and porosity appear to be comparable before and after testing.  
However, the edges of the silver particles in the as-fired sample are smooth, while in the tested 
sample, the edges are rough, due to envelopment of YSZ into the silver particles.  It is possible 
that this effect further reduces the TPB length between metallic, gaseous, and ESB phases, 
contributing to the observed increase in ASR with time for these electrodes.  This could also 
explain the observed increased ASR vs. time slopes with increasing YSZ content. 
µ 
µ 
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Figure 24.  Electron micrographs of typical ESB powder after sieving, with (a) and without (b) vibratory 
milling, and particle size analysis (PSA) results (c).  PSA results for the sieved ESB powders may be 
skewed to lower particle sizes since larger particles settle out of suspension quickly, and consequently 
may be omitted from the measurement count. 
ESB Particle Size Reduction.  The second attempt to improve electrode ASR and stability 
involved reduction of initial particle size of the ESB powder. This strategy is similar to the 
addition of nano-YSZ particles—more energy is required for the silver phase to migrate over a 
given distance in the electrode.  However, the overall ionic conductivity of the cathode as well as 
the reactive TPB lines should not be compromised, unlike YSZ additions.  This is also a more 
cost-effective approach than strategies involving alloying silver with precious metals to reduce 
Ag mobility, as suggested by Jaiswal et. al.42.  Figure 23 shows the reduction in particle size that 
was obtained from the use of vibratory milling.  SEM imagery reveals that particle size was 
reduced by about an order of magnitude after seven days of vibratory milling—from several 
microns to several hundreds of nanometers. 
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Figure 24.  Comparison of ASR vs. reciprocal temperature for Ag-YSB (Xia et. al.) and Ag-ESB (this 
work) with micron-sized and nano-sized ESB particles.  
Figure 25 shows a comparison of the performance of this microstructurally improved 
electrode with our other electrode and that of Xia et. al.16 from the literature.  The initial, zero 
time ASR for the Ag-ESBVM composite at 650 °C was 0.048 Ωcm
2—70 % lower than the 0.16 
Ωcm2 reported for Ag-YSB and 25 % lower than the already-low 0.062 Ωcm2 for the Ag-ESBS 
composite.  This is most likely due to enhanced TPB created by the use of smaller ESB particles, 
and may also be attributed to suppression of silver migration during electrode sintering, leaving 
both porosity and TPB length high. 
The long term, unbiased impedance study comparing composites prepared with (ESBVM) 
and without (ESBS) vibratory milling of the ESB phase, shown in Figs. 26 and 27, reveal the vast 
improvement in stability the reduction in ESB particle size imparts on this system.  As shown 
earlier, linear trends in ASR with time are observed, and the degradation rate of silver-ESB 
composites at 650 °C was reduced from 4.10 × 10-4 Ωcm2/h to 1.91 × 10-5 Ωcm2/h—a 95% drop 
with the reduced ESB particle size. 
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Figure 26.  Nyquist plots (a) and imaginary part of impedance vs. log-scale frequency (b) for 50-50 vol% 
silver-ESB composite electrodes, where the ESB phase was prepared from sieved (ESBS, larger curves) 
and vibratory milled (ESBVM, smaller curves) powders.  Samples were tested at 650 °C in air for 100 h 
under no applied bias.  Note that the electrolyte resistance has been subtracted from all Nyquist plots. 
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Figure 27.  Electrode ASR vs. time for 50-50 vol% silver-ESB composite electrodes, where the ESB 
phase was prepared from sieved (ESBS, triangles) and vibratory milled (ESBVM, squares) powders.  
Samples were tested at 650 °C in air for 100 h under no applied bias. 
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Stability Under D. C. Bias.  The above experiment was repeated with an external 0.25 V 
D. C. bias applied across the cells to simulate operating conditions, and the results are shown in 
Figures 28 and 29.  The improvement in performance and stability is evident, though not as 
pronounced as the unbiased case.  After ~15 h of testing, the ASR increases linearly with time.  
The ASR vs. time slope under 0.25 V bias at 650 °C is reduced by 50 % (from 1.6 × 10-3 Ωcm2/h 
to 8.0 × 10-4 Ωcm2/h) when smaller ESB particles are used to prepare the composite electrodes. 
Both macroscopic and microscopic changes in the electrodes prepared with larger ESB 
particles before and after bias testing are immediately recognized (Fig. 30).  After testing, the 
electrode surface of the working electrode appears more silver in color when compared to the 
surface of an untested electrode.  The counter-electrode of the tested cell appears more reddish in 
color, and a ring of silver color can be seen along its edge.  The microstructural changes are also 
dramatic.  A cross-sectional view of the counter electrode shows silver dendrite-like structures at 
the electrolyte interface, and nearly pure ESB at the electrode surface.  The silver phase clearly 
migrates in one direction—towards the electrode/electrolyte interface in the counter electrode 
and towards the surface of the working electrode.  Oxygen is reported to have high solubility and  
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Figure 28.  Nyquist plots (a) and imaginary part of impedance plotted vs. log-scale frequency (b) for 50-
50 vol% silver-ESB composite electrodes, where the ESB phase was prepared from sieved (ESBS, larger 
curves) and vibratory milled (ESBVM, smaller curves) powders.  Samples were tested at 650 °C in air for 
40 h under a 250 mV bias.  Note that the electrolyte resistance has been subtracted from all Nyquist plots. 
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Figure 29.  Electrode ASR vs. time for 50-50 vol% silver-ESB composite electrodes, where the ESB 
phase was prepared from sieved (ESBS, triangles) and vibratory milled (ESBVM, circles) powders.  
Samples were tested at 650 °C in air for 40 h under a 250 mV bias. 
 
Figure 30.  Microstructural images of silver-ESB composite electrodes, where the ESB phase was 
prepared from sieved powders—surface before testing (a) and cross-section of the counter electrode (b), 
working electrode surface (c), and counter electrode surface (d) of a cell after 48 h of testing at 650 °C 
under a 250 mV applied bias. 
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Figure 31. Cross-sectional microstructural images of silver-ESB composite electrodes, where the ESB 
phase was prepared from vibratory milled powders, after 48 h of testing at 650 ˚C under a 250 mV 
applied bias—working electrode (a) with close-up view of the working electrode/electrolyte interface (b) 
and counter electrode (c) with close-up view of the counter electrode/electrolyte interface (d). 
mobility in silver40,41 and, as shown earlier, the application of a bias across the cell leads to an 
electro-migration effect where the silver phase is dragged along in the direction of oxygen flux. 
In contrast, the microstructure of the counter and working electrodes prepared with 
vibratory milled ESB particles after bias testing are quite comparable and no segregation of 
silver phase at the counter electrode/electrolyte interface is detected (Fig. 31), indicating silver 
phase migration was significantly suppressed by the smaller particle size.  So, not only did the 
small ESB particles reduce initial ASR, and enhance microstructural stability with no bias, but 
also improved microstructural stability under bias testing. 
Addition of 5 vol% 8YSZ nano powders significantly improved unbiased electrode 
stability by 97 %, and reduced the initial, zero time ASR value by 31 %.  Similar results were 
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obtained when YSZ-free electrodes were prepared from ESB powders composed of particles 
hundreds of nanometers in size as opposed to electrodes prepared from ESB powders composed 
of micron-sized particles—the zero time ASR value was reduced by 25 %, and ASR vs. time 
slope during unbiased testing of the silver-ESB system at 650 °C was reduced by 95 %.  
Finally, ASR vs. time slopes during testing under a 250 mV external applied bias were 
lowered by 50 % using the smaller ESB particles due to suppression silver phase electro-
migration.  The stability of composite silver-ESB electrodes under an applied bias still needs 
some improvement.  Improvements are likely with further reduction in ESB particle size down to 
several tens of nanometers.  Also, as the operating temperature of SOFCs is reduced, the 
migration of the silver phase will be suppressed even further.  These electrodes perform well 
even in the 500-550 °C range, but defect ordering in the bismuth oxide phase becomes an issue 
at these temperatures.  Currently we are investigating ways to overcome this issue as well43,18. 
Summary 
Ag–ESB cermet electrodes showed good electrochemical performance.  Our Ag-ESB 
composite cathode has an ASR of 0.18 Ωcm2 at 600 °C, making it one of the lowest-resistance 
electrode systems reported to date and a significant improvement over that produced by Xia et. 
al16, Fig. 5, who obtained an ASR of  0.3 Ωcm2 at 600 °C for their Ag-YSB composite (our 
benchmark).   
However, impedance studies under a bias current showed that the electrode 
microstructure was unstable at high bias currents at 625 °C, primarily due to the electro-
migration of Ag along with the oxygen flux.  The high oxygen solubility in Ag results in good 
performance of the electrode, but it also results in the lowering of the melting point of Ag and its 
consequent electro-migration.   
Addition of 5 vol% YSZ nano-powders significantly improved unbiased electrode 
stability by 97 %, and reduced the initial, zero time ASR value by 31 %.  Similar results were 
obtained when YSZ-free electrodes were prepared from ESB powders composed of particles 
hundreds of nanometers in size as opposed to electrodes prepared from ESB powders composed 
of micron-sized particles—the zero time ASR value was reduced by 25 %, and ASR vs. time 
slope during unbiased testing of the silver-ESB system at 650 °C was reduced by 95 %.   
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Finally, ASR vs. time slopes during testing under a 250 mV external applied bias were 
lowered by 50 % using the smaller ESB particles due to suppression silver phase electro-
migration.  The stability of composite Ag-ESB electrodes under an applied bias still needs some 
improvement.  Improvements are likely with further reduction in ESB particle size down to 
several tens of nanometers.  Also, as the operating temperature of SOFCs is reduced, the 
migration of the silver phase will be suppressed even further.  These electrodes perform well 
even in the 500-550 °C range, but defect ordering in the bismuth oxide phase becomes an issue 
at these temperatures.  Currently, we are doing research to overcome this issue as well18. 
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PYROCHLORE RUTHENATE BASED CATHODES 
Lead Ruthenate, Pb2Ru2O6.5 (PRO), Cathodes 
Pyrochlore-structured lead ruthenate (Pb2Ru2O6.5, PRO) was obtained at very low 
temperatures by using the direct condensation method.  Figure 32 shows the diffraction patterns 
of the precipitate dried overnight at 80 °C and calcined at various temperatures for 6 h.  The PRO 
phase was observed after heating to only 400 °C.  The pyrochlore single phase was still observed 
even after a 6-hours long calcination at 900 °C, without the presence of impurities. It must be 
emphasized that the stability of pyrochlore phase at T = 900 °C is a way to obtain a better 
thermal stability of Ru oxides, which are volatile at high temperatures. 
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Figure 32.  XRD patterns of Pb2Ru2O6.5 (PRO) gel precursor dried 80 °C, and calcined  at 400, 600, 700, 
800, and 900 °C for 6 hours. 
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Figure 33.  FE-SEM micrograph of Pb2Ru2O6.5 (PRO) powder prepared at 700 °C for 6 hours. 
Figure 33 shows the FE-SEM of the pyrochlore calcined at 700 °C for 6 hours. The 
powder was made of agglomerated crystals around 50 nm in size.  FE-SEM observations showed 
the presence of both isometric hexoctahedral (4/m and 32/m) and isometric hextetrahedral (43m) 
crystals, which can be correlated with stoichiometric and defective arrangement of PRO, 
respectively.  It was also observed that the various grains were connected to each other by 
sharing crystal corners44. 
To determine the effect of sintering/microstructure on cathode performance, samples 
were prepared by screen printing PRO onto ESB disks and sintering the cathode at 700 °C 
(PRO700), 800 °C (PRO800) and 875 °C (PRO875).  The resulting electrodes were porous and 
uniform with thickness around 20 µm.  Figures 34 and 35 show FE-SEM micrographs of lead 
ruthenate electrodes sintered at 700 °C and 875 °C respectively.  Both thermal treatments led to 
an open porosity with a different degree of sintering and PRO crystal growth.  The film heated to 
700 °C showed that the sintering process was at its beginning stage (Fig. 34).  The electrode 
surface obtained by the deposition was large because of both open porosity and the use of 
nanocrystalline pyrochlore powder.  
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Figure 34.  FE-SEM micrograph of the surface of Pb2Ru2O6.5 electrodes sintered at 700 °C for 3 hours. 
 
Figure 35.  FE-SEM micrograph of the fractured cross-section of Pb2Ru2O6.5 (PRO) electrodes sintered at 
875 °C for 3 hours. 
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Figure 36.  FE-SEM micrograph of PRO-ESB composite electrodes sintered at 800 °C for 3 hours. 
Figure 35 shows the fractured cross section of at the lead ruthenate electrode at the 
electrolyte interface.  Pyrochlore particles are well sintered and attached onto the electrolyte 
pellet. Lead ruthenate crystals were still submicron in size.  FE-SEM observations showed that 
lead ruthenate particle growth increased significantly for sintering temperature around 800 °C - 
900 °C to reach grain size of about 1 µm. 
Composite PRO-ESB cathodes were prepared by screen-printing a 50 vol% PRO-ESB 
slurry on ESB disks which were then sintered at 700 °C (PRO-ESB700) and 800 °C (PRO-
ESB800) for 3 hours each.  Figure 36 shows the FE-SEM micrograph of the composite 
electrodes prepared.  The formation of a glassy phase was detected (as earlier for composite 
PRO-ESB electrodes sintered at 700 °C).  EDS analysis confirmed the presence of Bi, Pb and Ru 
in the glassy regions.  The formation of this glassy phase can be explained by reaction of Bi 
oxide and Pb oxide forming a eutectic phase45. The occurrence of this reaction between ESB and 
lead ruthenate required keeping the composite electrode sintering temperature below 800 °C.  
The formation of this phase can occur also at the interface between the pyrochlore electrodes and 
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the ESB electrolyte.  The presence of this additional phase can lead to a decrease in the TPB 
length for the composite electrodes.  
Electrochemical impedance spectroscopy (EIS) analysis was used to study the 
electrochemical properties of both PRO/ESB/PRO and PRO-ESB/ESB/PRO-ESB symmetric 
cells.  Two different temperature ranges were used to characterize symmetric cells.  EIS analysis 
at low temperatures (T < 400 °C), for high cell component resistance values (R > 1 kΩ), enables 
to resolve electrolyte and interfacial impedance elements46; EIS analysis at high temperatures (T 
> 500 °C), close to SOFC operating temperatures, gives information about total cell resistance (R 
< 1 kΩ) and electrode polarization impedance47.  EIS analysis at low frequencies and at high T, 
is particularly interesting because it gives information on the impedance values correlated with 
chemical-physical processes, such as gas sorption-desorption and gas ionization47.  Finite and 
infinite Warburg elements are the physical models applicable to the electrode polarization48.  
Voigt elements and/or resistance in parallel with constant phase elements (CPE) represent 
electrolyte charge transfer.  Typical electrolyte capacitances values are around 10-9 F and they 
can be appraised from the CPE48. 
Figure 37a shows the impedance plot and fitting of the PRO/ESB/PRO cell sintered at 
700 °C for 6 hours (PRO700), measured at 300 °C in air, while Fig. 37b shows detail at the low 
frequency range (100 Hz-0.1 Hz).  One can observe a depressed semicircle, which can be related 
to the ESB electrolyte impedance contribution and the line for low frequencies is related to the 
electrode polarization.  Only a single depressed semicircle was fitted and no other impedance 
contributions were measured at intermediate frequencies47.  Electrode polarization (Fig. 37b) can 
be fitted by an infinite Warburg element.  Ionic transfer at the TBP is influenced by the metallic 
nature of the electrodes, which are basically blocking because of the different nature of the 
charge carriers with respect to the ionic conducting electrolyte.  Moreover, low thermal energy 
limits oxygen redox processes at the electrodes leading to the increment of the Nernst charge 
layers at low frequencies. 
Figure 38a shows the impedance plot and fitting of the PRO/ESB/PRO cell sintered at 
875 °C for 6 hours (PRO875), measured at 350 °C in air, while Fig. 38b shows detail at the low 
frequency range (100 Hz-0.1 Hz).  The measured EIS plot was similar to that observed for the 
cell using pyrochlore electrodes sintered at lower temperature.  Higher sintering temperature  
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Figure 37.  Complex impedance plot of PRO700 sample, measured at 300 °C in air (a); detail at low 
frequencies (b). 
apparently did not change the equivalent circuit related to the symmetric cell.  Nevertheless, a 
lower electrode polarization (Fig. 38b) contribution was measured at 0.1 Hz with respect to that 
observed for the PRO700 sample, showing a better performance.  
Figures 39 and 40 show the impedance plots of PRO875 sample, measured in air at 
selected temperatures between 550 °C and 780 °C. For temperatures above 500 °C, the 
equivalent circuit related to the total impedance of the cell can be still related to a R//CPE in 
series to Warburg elements.  The resistance of the R//CPE element is defined as Ohmic 
resistance ROhmic
47.  Figures 39 and 40 point out the variation of the capacitive polarization 
contribution from intermediate temperature (550 °C) to high temperature (780 °C).  In fact, it can 
be observed that capacitance, resulting in blocking effect, of the PRO electrodes decreased with  
 50 
0 1x10
3
2x10
3
3x10
3
4x10
3
5x10
3
0
1x10
3
2x10
3 a
100 kHz
1 MHz
 350 °C
 fit
10 MHz
 
 
-I
m
Z
, !
ReZ, !       
 
4x10
3
4x10
3
4x10
3
4x10
3
4x10
3
0
1x10
2
2x10
2
b
100 kHz
0.1 Hz
 350 °C
 fit
10 kHz
 
-I
m
Z
, !
ReZ, !  
Figure 38.  Complex impedance plot of PRO875 sample, measured at 350 °C in air (a); detail at low 
frequencies (b). 
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Figure 39.  Complex impedance plots of PRO875 sample, measured at 550, 600 and 650 °C in air. 
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Figure 40.  Complex impedance plots of PRO875 sample, measured at 700, 750 and 780 °C in air. 
increasing the temperature.  At temperatures around 700 °C and above, the electrodes can be 
modelled as finite Warburg elements48.  In ruthenate based electrodes, temperature controls the 
electrode polarization and the electrochemical activity for oxygen reduction reaction.  Such 
different electrochemical behaviour at high T is a consequence of a discharging of the cell at the 
TPB that can be described by Eq. (1) where electrolyte oxygen vacancies, electrons from the 
electrodes, and adsorbed oxygen are the reactant species in the TPB region. 
Figure 41 shows the comparison between impedance plots of the PRO samples sintered at 
the selected temperatures, measured at 650 °C in air. The observed shift in the high frequency 
intercept is primarily due to differences in the sample geometry.  However, different sintering 
temperatures lead to different electrode polarization effects. For lower sintering temperatures 
(700 °C), the electrodes were blocking (polarization was fitted by a line) so extrapolation to the 
low frequency intercept was not possible. In contrast, a non-blocking electrode behaviour was 
observed for higher sintering temperatures (800 and 875 °C) as consequence of better connection 
and contact between electrode particles and the electrolyte surface. 
For the cells with composite electrodes EIS plots measured at low T (T < 500 °C), 
showed results similar to those observed for the samples of the PRO series. The single semi arc 
at high frequencies was related to the ionic conduction through the ESB electrolyte. No 
interfacial contribution were detected by EIS at intermediate frequencies and the polarization at  
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Figure 41.  Complex impedance plot of PRO700, PRO800 and PRO875 samples, at 650 °C in air. 
low frequencies can be associated to a infinite Warburg element. Moreover, all these features are 
common to both sintering thermal treatments at 700 °C and 800 °C. 
Figure 42 shows the impedance plots of the PRO-ESB800 sample measured at 700 °C 
and 750 °C in air.  For non-blocking electrode behavior, chemical and ohmic resistances (Rchem 
and Rohmic) can be defined as the low and high frequency real axis intercepts, respectively, from 
complex impedance plots47.  Rchem values were fitted by the finite Warburg model while Rohmic is 
essentially the ESB electrolyte resistance. 
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Figure 42.  Complex impedance plot of PRO-ESB800 sample, measured at 700 and 750 °C in air. 
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Figure 43.  Arrhenius plots of ROhmic for PRO700, PRO800 and PRO875 samples. 
Figure 43 shows the Arrhenius plot for the series of PRO samples. Rohmic values were 
normalized to the geometrical parameters of the cells to evaluate conductivity of the samples.  
Two activation energies were observed for two different temperature ranges. For temperatures 
around 600 °C and below, ROhmic values lead to Ea = 1.18-1.21 eV.  For temperatures > 600 °C, 
the Ea is 0.5-0.6 eV.  The presence of two different activation energies in the ESB ionic 
conduction is attributed to a disorder-order transition of the vacancies in the fluoritic δ-Bi2O3 
lattice32.  Measured conductivity values and activation energies of ESB were found to be in 
agreement with the values reported in the literature32. 
Electrode polarization is related to the cell area specific resistance (ASR), Eq. (2) and low 
values of ASR are desirable in SOFC cathode performance because they lead to lower electrode 
polarization.  In SOFCs, the ASR parameter is directly dependent on the rate limiting step of the 
electrochemical processes involved in the oxygen reduction reaction at the cathode49. 
Figure 44 shows the Arrhenius plot of the ASR values collected for the PRO800 and 
PRO875 samples and for the PRO-ESB700 and PRO-ESB800 samples.  PRO800 showed the 
lowest ASR values.  For this sample, the combination of lead ruthenate as electrodes and ESB as 
electrolyte led to ASR = 0.41 Ωcm2 at 750 °C.  Unexpectedly, larger ASR values were found for  
PRO875 
PRO800 
PRO700 
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Figure 44.  ASR Arrhenius plots of Rchem for PRO800, PRO875, PRO-ESB700 and PRO-ESB800 
samples. 
PRO-ESB samples at higher temperature: ASR for the PRO-ESB800 sample measured at 750 °C 
was estimated to be ~1.70 Ωcm2. The best performance was found for thermal treatment around 
800 °C in both PRO and PRO-ESB samples. ASR values for the PRO700 sample were not 
evaluated because of its electrode-blocking behaviour in the whole operating temperatures range. 
Figure 44 also shows that for temperatures below 600 °C (lines intercept at 
1000/T=1.15), the PRO-ESB700 and PRO-ESB800 samples had ASR values lower than the 
PRO800, PRO875 samples. These values are around 7 Ω cm2.  These lower ASR values pointed 
out the role of ionic conduction in the electrode polarization. 
Two different Rchem activation energy values are observed (Fig. 44).  For composite 
electrodes Ea is around 0.5 eV and for PRO samples an activation energy around 1 eV is 
observed.  This behavior can be explained in terms of Rchem limited by reaction at the TPB for 
the PRO samples vs. limited by solid state transport for the PRO-ESB samples. The electronic 
conductivity of lead ruthenates being much greater than the ionic conductivity of ESB. 
Tests were performed to evaluate the reactivity between PRO, ESB and RuO2 by 
sintering at 850 °C.  During electrode fabrication, it was observed that PRO and ESB react at  
PRO875 
PRO800 
PRO-ESB800 
PRO-ESB700 
 55 
 
Figure 45.  XRD patterns of Pb2Ru2O6.5-ESB (molar ratio 1:1) sintered at 850 °C for 12 hours. 
intermediate temperature.  In fact, for symmetrical cells heated at 600 °C and above, a black thin 
coating was observed on the ESB electrolyte pellets coming from the lead ruthenate electrodes. 
Thermal treatment at higher temperatures (850 °C) led to the possible formation of new phases.  
Figure 45 shows the XRD pattern of an ESB-PRO composite in 1:1 molar ratio sintered at 850 
°C for 12 hours. Strong ESB peaks remain in the diffraction pattern and a generic pyrochlore 
structure diffraction pattern is also revealed. Bismuth ruthenate can be matched from the 
diffraction pattern but such a diffraction pattern could also be attributed to a generic solid 
solution of Pb, Bi and Er ruthenates, while noise in the background may relate to intermediate 
bismuth based compounds formed during the sintering. Bi2O3-PbO phase diagram indicates that 
some low melting glassy compounds are possible45. 
ESB-PRO-RuO2 (molar ratio 4:1:8) and ESB-RuO2 (molar ratio 1:3) composites sintered 
at 850 °C for 12 hours were analyzed by XRD and showed similar results. Bismuth ruthenate 
Bi2Ru2O7 was detected with these composites.  However, since bismuth ruthenate is also 
considered a promising material for cathodic application for IT-SOFCs, its presence at the 
electrode/electrolyte interface does not give an additional resistive contribution. 
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Yttrium Ruthenate, Y2Ru2O7 (YRO), Cathodes 
Y2Ru2O7 was evaluated as a possible candidate for IT-SOFC because of its stability in a 
wide range of temperatures.  For example, it exhibits a lack of reactivity in contact with 
gadolinium-doped ceria (GDC) electrolyte, in contrast to Bi2Ru2O7 and Pb2Ru2O6.5 powders
50,51. 
However, Y2Ru2O7 is a semiconductor, which makes it less amenable as a cathodic material at 
low temperatures.  
In order to increase the electrical conductivity, Pr was chosen as the A-site dopant. It has 
been hypothesized that the electrical conductivity is enhanced by the multivalent character of Pr, 
which would allow the formation of additional holes, and increase its charge-carrying capacity. 
The following hypothetical mechanism shows the change of oxidation state of Pr allowing the 
oxygen incorporation into the cathodic surface.  
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Nanocrystalline powders of Y2Ru2O7 and Y2-xPrxRu2O7 were synthesized and 
characterized as an electrode on ESB electrolytes at temperatures of 300-700˚C. A comparison of 
their electrochemical performance is presented. 
Figure 46 shows the X-ray diffraction patterns of Y2Ru2O7 and Y2-xPrxRu2O7 powders 
after crystallization at 1050˚C; the formation of the single pyrochlore cubic phase for both the 
un-doped and doped powders was observed.  Figure 47 shows the FE-SEM micrograph of the 
same powders, showing a mean particle size of about 100 nm, and the SEM-EDS measurements, 
shown in Fig. 48, confirmed the presence of the dopant in the final product.  Since the 
electrochemical activity of a cathode depends on the reaction area where three-phase boundaries 
(TPBs) of air (pore)/cathode/electrolyte are in contact, expanding the length of TPB in a cathode 
is crucial for IT-SOFCs.  Therefore, the obtained nanocrystalline size seems very promising for 
the TPB tailoring to reduce power loss. 
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Figure 46.  XRD pattern of Y1-xPrxRu2O7 powders after crystallization at 1050˚C. 
    
Figure 47.  FE-SEM image of (a) Y2Ru2O7 after crystallization at 1050˚C and (b) Y1.8Pr0.2Ru2O7 after 
crystallization at 1050˚C. 
 
Figure 48.  SEM-EDS image of the Pr-doped pyrochlore powder after crystallization at 1050˚C. 
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Figure 49.  Temperature dependence of the electrical conductivity of Y2-xPrxRu2O7. 
The electrical performance of the materials was studied by the d.c. 4-probe method. 
Figure 49 is an Arrhenius plot that shows the temperature dependence of the electrical 
conductivity, σ; this is indicative of a semi-conductive behavior The σ values increased with 
increasing dopant concentration. At 500˚C the electrical conductivity of 25 mol% Pr 
concentration is three times larger than the conductivity of the un-doped sample, and at 700˚C σ 
increased from 26.7 S/cm to 38.3 S/cm to 78.6 S/cm for samples with 0, 10 mol%, and 25 mol% 
dopant concentration, respectively.  
The material with higher praseodymium content shows significantly higher temperature 
dependency, and its activation energy changes at a temperature above 600˚C.  However, its 
activation energy is not higher than the activation energy of the undoped material in the range of 
IT-SOFCs operating temperatures.  These results confirm that the introduction of praseodymium, 
into the pyrochlore structure, induces the formation of additional holes and enhances the 
electrical conductivity of the material.  
The electrochemical properties of nanocrystalline Y2Ru2O7 and Y2-xPrxRu2O7 pyrochlore 
were tested on ESB substrates, using EIS in air, in the 300-700˚C temperature range. Figure 50 
shows a typical complex impedance plane plot of the Y2Ru2O7/ESB/Y2Ru2O7 symmetric cell at  
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Figure 50.  Typical complex impedance plot of Y2Ru2O7/ESB/Y2Ru2O7 cell, in air at 300
oC and 700oC. 
300˚C and at 700˚C.  The plot at low temperature (300˚C) showed a semi-arc at high frequency, 
while no additional features were observed at low frequencies.  The plot at 700˚C is only due to 
electrode/electrolyte interfacial impedance, and the high frequency intercept can be attributed to 
the electrolyte bulk impedance because of the high testing temperature.  No additional 
polarization resistance is shown at cathode/electrolyte interface. 
The performance of the Y2Ru2O7/ESB/Y2Ru2O7 symmetric cell is better than the 
performance reported by Bae & Steele51 for Y2Ru2O7 electrodes on GDC electrolyte.  For 
example, at 627 °C, they reported an ASR of about 4000 Ωcm2, compared to ~9 Ωcm2 in this 
study on ESB electrolyte.  Better performance of Y2Ru2O7 electrode on ESB electrolyte, 
compared to that on GDC electrolyte, demonstrated the role played by the electrolyte in the 
electrode polarization.  The ionic conductivity of ESB is higher than GDC52 which allows for 
faster kinetics at the active triple phase boundaries, where the electrode reaction takes place. 
Furthermore, the electrode morphology plays a key role in the magnitude of the electrode 
polarization, which is further lowered because of the nano-crystalline size of the electrode. 
Since the electrical conductivity of Y2Ru2O7 is increased by doping with praseodymium, 
it was expected to obtain an improvement of the performance of the cell using Y2-xPrxRu2O7 in 
contact to the ESB electrolyte.  Figure 51 shows typical EIS plots of Y1.8Pr0.2Ru2O7 /ESB/ 
Y1.8Pr0.2Ru2O7 and Y1.5Pr0.5Ru2O7 /ESB/ Y1.5Pr0.5Ru2O7 cells tested in air at 700˚C. The electrode 
impedance of Pr doped yttrium ruthenium oxide on ESB electrolyte is lower than the electrode 
impedance of the undoped sample.  
 
 60 
 
9.4 9.5 9.6 9.7 9.8 9.9 10.0 10.1 10.2 10.3 10.4
0.10
0.15
0.20
0.25
0.30
0.35
 
 
-I
m
(Z
)/
O
h
m
Re(Z)/Ohm
 Y
1.8
Pr
0.2
Ru
2
O
7
/ESB/Y
1.8
Pr
0.2
Ru
2
O
7
 
400Hz
4Hz
13.2 13.4 13.6 13.8 14.0
0.1
0.2
0.3
0.4
0.5
 Y
1.5
Pr
0.5
Ru
2
O
7
/ESB/Y
1.5
Pr
0.5
Ru
2
O
7
 
 
 
-I
m
(Z
)/
O
h
m
Re(Z)/Ohm
2.5 Hz
400 Hz
 
Figure 51.  Typical complex impedance plots for Y1.8Pr0.2Ru2O7/ESB/Y1.8Pr0.2Ru2O7 and Y1.5Pr0.5Ru2O7 
/ESB/Y1.5Pr0.5Ru2O7 cells, measured in air at 700 °C. 
These measurements were used to calculate the electrode ASR from the 
electrode/electrolyte features.  Figure 52 shows the Arrhenius plots of the electrode ASR (Ω 
cm2) for the symmetrical cells.  The ASR values of the Y2-xPrxRu2O7/ESB/Y2-xPrxRu2O7 cells 
were significantly smaller than the ASR values of the undoped (Y2Ru2O7/ESB/Y2Ru2O7) 
symmetric cell. Moreover, the Arrhenius plot clearly shows that 10 mol% dopant is sufficient to 
reduce the ARS and additional Pr does not exhibit an additional decrease in ASR. 
The improvement of the ASR can be attributed to the Pr.  It is presumed that Pr increases 
the electrical conductivity of the material due to the enhanced hole concentration or mobility. 
The increase of electrical conductivity permits lowered electrode resistance and may promote 
faster kinetics of the oxygen reduction reaction at the electrodes.  
Further optimization of the dopant concentration is underway. Furthermore, 
investigations on the ionic conductivity of yttrium ruthenates as well as on the mechanism of the 
oxygen reduction reaction at the electrode are currently being performed. 
In summary, doping the A-site of the pyrochlore structure with praseodymium increased 
the electrical conductivity of the material and emphasized its semi-conductor behavior.  The 
Y2Ru2O7 on ESB electrolyte solid-state cell shows an ASR = 4.4 Ω cm
2 at 700˚C, which is 
already lower than the values reported in the literature, but it is further reduced by using Pr-
doped Y2Ru2O7.  The Y1-xPrxRu2O7 on ESB electrolyte solid-state cells results in significant 
decrease in the electrode impedance and Y1.5Pr0.5Ru2O7 shows an ASR = 0.34 Ω cm
2 at 700˚C. 
This study showed that the performance of Pr doped Y2Ru2O7 cathodes is very promising for  
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Figure 52.  Arrhenius plot of the electrode ASR (Ω cm2).     
application in IT-SOFCs, and further improvements of its performance by using composite 
cathodes are expected. 
The chemical compatibility of the cathode material with the solid electrolyte was 
evaluated using X-ray diffraction. Mixtures of Y2-xPrxRu2O7 and ESB powders (weight ratio 1:1) 
were thoroughly pressed and treated at 800 °C for 24 hours. The XRD analysis did not reveal 
any presence of unidentified extra peaks (Fig. 53).  Similar measurements were performed on 
mixtures of Y2-xPrxRu2O7 and GDC powders, and again no extra peaks were revealed. Thus, it 
was deduced that no chemical reaction occurred between these compounds. 
The electrochemical properties of nanocrystalline Y2-xPrxRu2O7 pyrochlore were tested in 
contact to both ESB and GDC electrolytes, using Electrochemical Impedance Spectroscopy 
(EIS) in air from 300 °C to 750 °C.  Figure 54 shows EIS data from (I) 
Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 and (II) Y1.5Pr0.5Ru2O7/GDC/Y1.5Pr0.5Ru2O7 cells tested in air 
at 700 °C. The high frequency intercepts of the EIS plots can be attributed to the electrolyte bulk 
impedance due to the high temperature of the test.  Thus, the semicircles observed in the plots 
are due to electrode/electrolyte interfacial impedance.  The electrode ASR was calculated by 
multiplying the electrode resistance by the electrode area, and dividing by two to account for the  
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Figure 53.  X-ray spectra of Y2-xPrxRu2O7/ESB mixture and Y2-xPrxRu2O7/GDC mixture that were 
pressed and treated at 800 °C for 24 h. 
symmetric cell.  At 700 °C the ASR of 25 % Pr-doped Y2Ru2O7 on ESB was 0.19 Ωcm
2 while 
on GDC the ASR was 4.23 Ωcm2.  The factor of forty reduction in ASR of 25 % Pr-doped 
Y2Ru2O7 on ESB versus GDC is a significant result that is being investigated further.  
Nevertheless, it suggests that the high conductivity and oxygen affinity of ESB plays an 
important role in cathode performance.  The performance of the 
Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 symmetric cell was significantly better than the performance 
of the Y1.5Pr0.5Ru2O7/GDC/Y1.5Pr0.5Ru2O7 symmetric cell.  However, the performance of 
Y1.5Pr0.5Ru2O7 on GDC electrolyte was better than that previously reported in the literature for 
Strontium-doped pyrochlore compounds50.  In fact, Steele53 reported an ASR value of 47 Ωcm2  
 
 
Figure 54. Typical complex impedance plots for I. Y1.5Pr0.5Ru2O7/GDC/Y1.5Pr0.5Ru2O7, and II. 
Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 cells, measured in air at 700oC. 
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Figure 55. ASR values of Y2-xPrxRu2O7 on ESB and on GDC pellets as function of Pr content. 
for 5 mole% Sr-doped Y2Ru2O7 cathode on GDC at 627 °C; in contrast, 25 % Pr-doped Y2Ru2O7 
showed an ASR value of 10.72 Ωcm2 at 650 °C and 31.98 Ωcm2 at 600 °C. 
Figure 55 shows EIS data from Y2-xPrxRu2O7/ESB/Y2-xPrxRu2O7 and Y2-
xPrxRu2O7/GDC/Y2-xPrxRu2O7 cells as a function of the Pr concentration, measured in a 
temperature range of 650 °C - 750 °C.  The samples tested on ESB electrolytes showed the same 
ASR variation of the samples tested on GDC electrolyte.  The ASR values decreased with 
increasing Pr amount until a minimum at 25 % Pr-doped Y2Ru2O7, and then increased again.  
Thus, both systems showed their best performance with the Y1.5Pr0.5Ru2O7 cathode.  These 
results were reproduced several times and on different samples.  Hence, this behavior can be 
attributed to the electrical properties of the cathode.  Further investigation is needed for a better 
understanding of how electrical properties of this material depend on dopant concentration. 
In order to understand the mechanism of oxygen reduction at the electrodes, EIS 
measurements were carried out as a function of oxygen partial pressure.  Figure 56a showed the 
variation of the ASR for Y1.5Pr0.5Ru2O7/GDC/Y1.5Pr0.5Ru2O7 cell in function of the oxygen 
partial pressure. The impedance measurements on GDC electrolyte are described by two 
semicircles, which are partially overlapping. By decreasing the oxygen partial pressure, the 
semicircle at low frequencies showed a large variation, while the shape of the semicircle at high 
frequencies did not vary.  Moreover, Fig. 56b shows the values of the ASR as a function of the 
oxygen partial pressure, at different temperatures. 
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Figure 56.  ASR values of Y1.5Pr0.5Ru2O7 on GDC electrolyte as function of oxygen partial pressure. 
To understand the mechanism of oxygen reduction at the electrodes, impedance 
measurements were done as a function of oxygen partial pressure.  Generally, ASR of the 
electrode varies with the oxygen partial pressure according to the following equation   
                           
! 
ASR = ASR
0
" P
O
2
#m                         (4) 
The magnitude of m provides an insight into the rate-limiting step in the oxygen reduction 
reaction at the electrodes.  With metal and metal oxide electrodes on solid electrolytes, m = 0.25 
has been associated with the charge-transfer reaction at the triple-phase boundary, m = 0.5 with 
the surface diffusion of the dissociatively adsorbed oxygen at the electrodes to the triple phase 
boundaries  TPBs , and m = 1 with gaseous diffusion of oxygen molecules in the electrode 
structure.  In addition, the electrode–electrolyte combination along with the microstructure plays 
a key role in determining the rate-limiting step62,54,55,56,57.   
For an operating temperature range of 550 °C – 750 °C, the value of m for 
Y1.5Pr0.5Ru2O7/GDC/Y1.5Pr0.5Ru2O7 cell was about 0.5.  This suggests that the rate-limiting step 
is surface diffusion of the adsorbed oxygen at the electrode surface to the TPB. 
Finally, the semicircle at low frequencies, showed by the impedance spectroscopy on the 
GDC electrolyte, is indicative of the mass transport resistance. Hence, the semicircular arc at 
high frequencies is representative of charge transfer resistance. In contrast, the impedance on 
ESB electrolyte is characterized by one single elongated semicircle, and it showed a very low 
 65 
charge transfer resistance. This can be the primary reason for the higher performance of this 
electrode on the ESB electrolyte. 
A chemical analysis of the interface was performed by SEM-EDS line scan 
measurements of Y1.5Pr0.5Ru2O7/ESB sample. This showed a partial solid diffusion of the cations 
at the electrode/electrolyte interface (figure not shown). Thus, the enhanced performance of 
Y1.5Pr0.5Ru2O7 on ESB may also be caused by the formation of a new conductive phase at the 
electrode/electrolyte interface that lowers the interfacial polarization, as reported elsewhere58 [7]. 
In summary, no detrimental reaction products between the pyrochlore and either GDC or 
ESB electrolytes were found by XRD analysis after heat-treatment at 800 °C for 24 h.  Both 
systems showed a similar variation of ASR depending on the amount of Pr in the cathode 
material.  The performance on ESB electrolyte is much better than the performance on the GDC 
electrolyte. Since the oxygen mass diffusion is the limiting step of the electrode kinetics, the 
enhanced performance on ESB electrolyte is probably due to a partial solid diffusion at the 
electrode/electrolyte interface that lower the interfacial polarization.  However, the low value of 
resistivity of the Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 symmetric cell indicated that the 
nanocrystalline powders of Y1.5Pr0.5Ru2O7 electrode are promising materials for intermediate 
temperature solid oxide fuel cell (IT-SOFC) cathode applications where ESB is either the 
electrolyte or a constituent of a composite cathode structure. 
Bismuth Ruthenate, Bi2Ru2O7 (BRO), Cathodes 
XRD patterns for Bi2Ru2O7 after calcination at 900 °C for 10 h and after leaching are 
shown in Fig. 57.  We found that leaching with HNO3 is effective in removing the impurity 
sillenite type-phase, Bi12RuO20, resulting in a predominant single pyrochlore phase.  Figure 58 
shows the XRD pattern of BRO and GDC powders heat-treated at 850°C for 10 h. There are no 
new peaks identifiable in the pattern, indicating that there is no reaction between BRO and GDC.  
Similarly, Hrovat et al.59 studied the subsolidus-phase equilibria in RuO2-Bi2O3- CeO2 system 
and no ternary compound was found at 800 °C.  The tie-line is between BRO and Ce1−xBixO2−x/2  
(0 < x < 0.33) solid solution.  These results are in contrast with those of Bae and Steele60, where 
they found unknown reaction products between Bi2Ru2O7.3 and GDC at 800 °C. It is possible 
that the presence of sillenite type-impurities in bismuth ruthenate could lead to a new product, as  
 66 
 
Figure 57.  XRD patterns of Bi2Ru2O7 after calcination at 900 °C for 10 h before (top) and after (bottom) 
leaching. 
 
 
Figure 58.  XRD pattern for Bi2Ru2O7 and GDC powder mixture after heat treatment at 850°C for 10 h. 
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Figure 59.  (a) Surface and (b) cross-sectional micrographs of Bi2Ru2O7 electrode on GDC electrolyte. 
Takeda et al.61 found in their work on Bi2Ru2O7 electrodes on YSZ where the presence of 
sillenite-type impurities lead to the transformation of monoclinic zirconia. 
Figures 59a and 59b show the surface and cross-sectional micrographs of a BRO 
electrode on GDC electrolyte, respectively. Solid-state synthesis of BRO powders at 900 °C has 
resulted in a coarse particle size  (~3 µm). After sintering at 850 °C, the electrode is porous with 
a thickness of  100 µm.  Initial sintering experiments showed that lower sintering temperatures 
for the film resulted in poor adhesion with the substrate, while at higher temperatures there was 
evaporation of the electrode material. 
Impedance plots of BRO electrodes on GDC at 500 and 700 °C are shown in Fig. 60.  
The high frequency intercept corresponds to the bulk conductivity of the GDC electrolyte, which 
is comparable to values reported in the literature.  The depressed semicircle at lower frequencies 
is due to the Bi2Ru2O7 electrode with resistances of 158.29 Ω and 4.13 Ω at 500 °C and 700 °C, 
respectively.  The electrode ASR was calculated by multiplying the electrode resistance by the 
electrode area 0.7 cm2  and dividing by two to account for the symmetric cell. 
The Arrhenius plot of the electrode ASR (in Ωcm2) is shown in Fig. 61.  The ASR values 
are significantly smaller than those reported by Linquette-Mailley et al.62 for Bi2Ru2O7 
electrodes on YSZ electrolytes.  For example at 500°C, they reported an ASR of 160 Ωcm2 
compared to 55.64 Ωcm2 in this study on GDC and at 650°C, 20 Ωcm2 compared to 3.03 Ωcm2 in 
this study.  Also, they reported a kink in the Arrhenius plot with activation energies of 1.3 eV  
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Figure 60.  Impedance plots of Bi2Ru2O7 electrode on GDC at 500 (a), and 700°C (b) . 
below 567 °C and 1.0 eV above 567 °C, suggesting that two different reaction mechanisms were 
dominant at the electrodes in the temperature range studied.  However, in this study a single 
activation energy of 1.26 eV in the temperature range of 450-700 °C was observed. 
To understand the mechanism of oxygen reduction at the electrodes, impedance 
measurements were done as a function of oxygen partial pressure.  Generally, ASR of the 
electrode varies with the oxygen partial pressure according to Eq. (4).  Figure 62 is a graph 
between ln ASR  vs. ln PO2.  The values of m range between 0.5 and 0.6, which suggests that the  
 
 
Figure 61.  Arrhenius plot of the electrode ASR  (Ωcm2). 
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Figure 62.  ln ASR  vs. ln pO2  at different temperatures with m in parenthesis T m . 
rate-limiting step in the present case is surface diffusion of the dissociatively adsorbed oxygen at 
the electrode surface to the TPBs.  In contrast, Linquette-Mailley et al.63 reported values of m = 
0.25 at temperatures less than 567 °C and continuously increasing values for temperatures 
greater than 567 °C for Bi2Ru2O7 electrodes on YSZ electrolytes.  The rate-limiting step at lower 
temperatures was attributed to the charge-transfer step and at higher temperatures a transition to 
surface diffusion was suggested. 
Better performance of the Bi2Ru2O7 electrode on a GDC electrolyte compared to that on a 
YSZ electrolyte, along with different rate-limiting steps again demonstrate the role played by the 
electrolyte in the electrode polarization.  For predominant electronically conducting electrodes 
with negligible ionic conductivity such as in the case of Bi2Ru2O7 at low polarizations, the 
interface between the electrode and electrolyte are the active triple phase boundaries TPBs for 
electrode reaction to take place.  Hence, it can be expected that the bulk and surface properties of 
the electrolyte can have significant effects on the overall performance of the electrode. GDC has 
higher ionic conductivity than YSZ, along with the capability of cerium to exist in multiple 
valence states to provide sufficient electronic charge carriers which can result in improved 
charge transfer and better electrode performance64.  The lack of sillenite-type impurities could 
also have a possible role in the better performance. 
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Apart from the electrical properties of the electrode-electrolyte combination, electrode 
morphology also plays a key role in determining the rate-limiting step for the electrode reaction 
and the magnitude of the electrode polarization.  The electrode polarization in the present case 
can be expected to be reduced by using finer electrode particles, which would provide parallel 
surface diffusion paths to the TPBs.  Further, composite cathodes consisting of Bi2Ru2O7 and an 
ionic conductive phase can increase the concentration of the TPBs and improve performance, 
effectively spreading the reaction zone from the electrode–electrolyte interface into the electrode. 
This preliminary study showed that the performance of Bi2Ru2O7 cathodes is very 
promising, and it is expected that with improved electrode morphology and with composite 
cathodes, high performance cathodes can be developed for IT-SOFCs.  These studies follow 
below.    
Doping Strategies to Increase Ionic Conductivity in Bismuth Ruthenates 
The A2B2O7 pyrochlore structure is essentially derived from an oxygen deficient cubic 
fluorite structure with both ordered cation and anion sub-lattice.  It exhibits Fd 3m space group 
with eight formula units within a cubic unit cell.65.  The cation sublattice consists of bigger A3+ 
and smaller B4+ which order into alternate (110) rows in every other (001) plane and in alternate 
( 1 10) rows in the other (001) planes.  This cation ordering provides three distinguishable 
tetrahedral sites for the oxygen ions: 8a-sites surrounded by 4 A3+ cations, 8b-sites surrounded 
by 4 B4+ cations, and 48f-sites surrounded by 2 A3+ and 2 B4+ cations.  8a and 48f-sites are 
occupied, while 8b-sites are vacant resulting in an ordered oxygen ion sub-lattice.  The formula 
unit of the pyrochlore can also be written as A2B2O6O’ to distinguish between the oxygen ions 
occupying the 48f-site as O and those occupying the 8a-sites as O’. 
Although bismuth ruthenate has sufficient electronic conductivity to perform as a good 
cathode, it will be beneficial to introduce oxygen ion conductivity in the structure.  The oxygen 
ion vacancies in the pyrochlore structure are ordered but still result in an ionic conductivity, 
which is larger than that of undoped fluorites.  It is expected that the pyrochlore structure may 
exhibit a transition temperature above which the oxygen ion sub-lattice will disorder, leading to 
enhanced oxygen ion conductivity65.  As the anion ordering is related to the cation ordering, the 
transition temperature could be lowered by manipulating the ion radii of the two cations.  The 
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smaller is rA/rB, the lower is the expected transition temperature.  As in the case of fluorites, 
oxygen ion conductivity can also be introduced into the pyrochlore structure by generating 
additional oxygen ion vacancies by doping with lower valent cations.  These additional oxygen 
ion vacancies are expected to primarily occupy 8a- and 48f-sites, and hence, could contribute to 
oxygen ion conduction.  However, one has to remember that depending on temperature and pO2 
charge compensation can also take by valence change of Ru.  Further, apart from the 
concentration of mobile oxygen vacancies, the oxygen ion conductivity also depends on structure 
factors such as jump directions, jump paths, activation barrier for the oxygen ion motion, and on 
dopant-vacancy interactions. 
Bismuth ruthenate forms solid solution, with large solubility, with a number of dopants 
on the A-site and the doping does not significantly affect the electronic conductivity at least at 
room temperature66,67.  In the present work, Ca2+ (r = 1.12 Å), Sr2+ (r = 1.26 Å), and Ag+ (r = 
1.28 Å) with fixed valence and comparable ionic radii with the host Bi3+ (r = 1.17 Å) were 
studied as dopants on A-site.  The solubility limit in (Bi1-xMx)2Ru2O7-δ for Ca
2+, Sr2+, and Ag+ 
was estimated to be 50, 30, and 20 mol%, respectively66,67.  This strategy was used keeping in 
mind that, possibly as in fluorite systems, the dopant with better matched ionic radii with the host 
would generate lesser elastic strains in the lattice and would show higher oxygen ion 
conductivity.  It was hoped that the presence of mixed ionic and electronic conduction in the 
electrode would activate the oxygen reduction reaction on the complete surface and would just 
not be limited to the TPBs at the electrode/electrolyte interface.  Symmetrical cells with doped 
bismuth ruthenate electrodes were fabricated on gadolinium doped ceria electrolyte pellets and 
ASR of the electrodes was measured using electrochemical impedance spectroscopy as a 
function of temperature and oxygen partial pressure.  The following nomenclature has been used 
to identify the oxide compositions: Bi2Ru2O7 ≡ BRO and (Bi1-xMx)2Ru2O7-δ ≡ BMRx; M = C for 
Ca2+, S for Sr2+, and A for Ag+; x = dopant mol%. 
XRD patterns of calcined and leached powders: BRO, BCRx with x between 5 and 30 
mol%, BARx with x between 5 and 20 mol%, and BSRx with x equal to 10 and 20 mol% are 
shown in Figure 63.  Leaching with dilute HNO3 has earlier been found to be effective in 
removing the sillenite type-impurity phase (Bi12RuO20), which results in predominant single 
phase powders68.  
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Figure 63.  XRD patterns for (a) Ca doped bismuth ruthenate, (b) Ag doped bismuth ruthenate, and (c) Sr 
doped bismuth ruthenate powders. 
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Table 1.  Elemental composition of Ca and Ag doped bismuth ruthenates as measured by EDX. 
 BCR5 BCR20 BAR5 BAR20 
Bi at% 46.28 37.18 47.05 44.43 
Dopant at% 2.59 10.41 1.73 4.54 
Ru at% 51.13 52.41 51.23 51.03 
Dopant/(Bi+Dopant) 0.05 0.22 0.04 0.09 
(Bi+Dopant)/Ru 0.96 0.91 0.95 0.96 
 
EDX data for four different compositions are shown in Table 1.  Due to the semi-
quantitative nature of EDX analysis, the compositions can be considered reasonably close to 
intended, apart from BAR20 which has Ag content lower than intended possibly due to leaching 
or Ag volatization during calcination.  Lattice parameters of undoped and doped bismuth 
ruthenate powders, after calcination and leaching, are shown in Fig. 64; for comparison, lattice 
parameters from the study by Kemmler-Sack and co-workers are also shown66,67.  Lattice 
parameter for undoped bismuth ruthenate matched well between the two studies; 10.292 (±0.002) 
Å in this study and 10.292 (±0.007) Å reported previously66,67.  The trends for change in lattice 
parameter with dopant type and concentration also matched well between the two data-sets;  
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Figure 64.  Lattice constants as a function of dopant concentration for Ca, Ag, and Sr doped bismuth 
ruthenate powders (* - from reference 14 and 15).   
L
at
tic
e 
Pa
ra
m
et
er
, a
   
(Å
) 
 74 
  
(a)
 
     
          (b)                             (c) 
Figure 65.  Cross-section micrographs of (a) Bi2Ru2O7, (b) (Bi0.95Ca0.05)2Ru2O7, and (c) 
(Bi0.95Ag0.05)2Ru2O7 electrodes on GDC electrolyte sintered at 850 ºC. 
however, the magnitudes were found to be different for Ag and Sr doped bismuth ruthenate 
powders.  As-expected on the basis of ionic radii, the lattice parameter increased and decreased 
on doping with Sr and Ca, respectively.  To account for the unexpected decrease in the lattice 
parameter for Ag-doped system (Ag+ has a larger ionic radii than Bi3+), it was suggested that Ag 
exists in 2+ valence state in the lattice67.  Lattice parameter difference between the two data-sets 
for the Ag-doped system could be partly attributed to the above mentioned Ag loss. 
Representative cross-sectional micrographs of undoped and doped bismuth ruthenates 
electrodes on GDC electrolyte are shown in Fig. 65.  After sintering at 850 ºC, the electrodes are 
porous with thickness between 100-115 µm. 
Impedance plots of Bi2Ru2O7 and Ca doped Bi2Ru2O7 (BCRx; x = 5-30 mol%) at 700 ºC 
are shown in Figure 66.  The electrode ASR was calculated by multiplying the electrode 
resistance by the electrode area (~0.7 cm2) and dividing by 2 to account for the symmetric cell.   
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Figure 66.  Impedance plots of Ca doped Bi2Ru2O7 electrodes on GDC at 700 ºC (a) and (b) imaginary 
vs. real impedance, (c) and (d) imaginary impedance vs. frequency. 
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Figure 67.  Arrhenius plot of Ca doped Bi2Ru2O7 electrode ASR (Ωcm
2) in air. 
Arrhenius plot of the electrode ASR in air is shown in Figure 67.  At 500 ºC, all dopant 
levels led to increase in the electrode polarization, while at 700 ºC, 5 and 10 mol% doping 
resulted in decrease in the electrode polarization as compared to undoped bismuth ruthenate.  At 
700 ºC, ASR values for undoped, 5 mol%, and 10 mol% Ca doped bismuth ruthenate electrodes 
are 1.45, 1.24, and 1.38 ∧cm2, respectively.  The electrode characteristic frequency, at which the 
magnitude of imaginary part of impedance (Z") is maximum, was same for undoped, 5 mol%, 
and 10 mol% Ca doped bismuth ruthenate, suggesting that the rate limiting steps in the electrode 
reaction has not changed with doping.  However with x ≥ 20 mol%, the electrode polarization is 
an order of magnitude higher along with additional electrode arcs at lower frequencies.  As the 
microstructure (particle size, porosity, and thickness) of electrodes are comparable, the drastic 
increase in polarization at high dopant levels is attributed primarily to compositional effects.  
Doping resulted in the increase in activation energy from ~1.26 eV for undoped Bi2Ru2O7 to 
~1.37 eV for Ca doped Bi2Ru2O7, though 5 and 10 mol% Ca doped Bi2Ru2O7 showed better 
performance at higher temperatures. 
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Figure 68.  Impedance plots of Ag doped Bi2Ru2O7 electrodes on GDC at 700 ºC (a) imaginary vs. real 
impedance, (b) imaginary impedance vs. frequency. 
Impedance plots of Ag doped Bi2Ru2O7 (BARx; x = 5-20 mol%) at 700 ºC are shown in 
Fig. 68.  The performance was similar to that of Ca doped systems: same characteristic 
frequency for undoped and doped electrodes, higher activation energy compared to undoped 
Bi2Ru2O7 and better performance at temperatures higher than ~550 ºC with 5 and 10 mol% Ag 
doped Bi2Ru2O7 as shown in Fig. 69.   
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Figure 69.  Arrhenius plot of Ag doped Bi2Ru2O7 electrode ASR (Ωcm
2) in air. 
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Figure 70.  Arrhenius plot of undoped, 10 mol% Ca-, Ag- and Sr-doped Bi2Ru2O7 electrode ASR in air. 
At 700 ºC, ASR values for 5 and 10 mol% Ag-doped bismuth ruthenate electrodes are 
1.41 Ωcm2 and 1.31 Ωcm2, respectively.  10 mol% Sr-doped Bi2Ru2O7 (BSR10) showed inferior 
performance than undoped, 10 mol% Ca, and 10 mol% Ag-doped Bi2Ru2O7 as shown in Fig. 70, 
and hence systems with Sr as a dopant were not studied further. 
Electrode polarization of 5 mol% Ca- and 5 mol% Ag-doped Bi2Ru2O7 was studied as a 
function of PO2 in order to understand the rate limiting steps with these electrodes.  Impedance 
plots for 5 mol% Ca-doped system are shown in Fig. 71, while for 5 mol% Ag-doped system are 
shown in Fig. 72.  For both systems, electrode impedance decreased and characteristic frequency 
increased with increase in PO2.  In general, the electrode ASR varies with the oxygen partial 
pressure according Eq. (4) where the magnitude of the exponent m provides an insight into the 
rate limiting step in the oxygen reduction reaction at the cathode.  Plots of ln(ASR) vs. ln(PO2) at 
temperatures between 400 °C - 700 ºC for 5 mol% Ca- and Ag-doped systems are shown in Figs. 
73 and 74, respectively.  The value of m for 5 mol% Ca-doped Bi2Ru2O7 ranged between 0.6 and 
0.8 at 0.11 ≤ PO2 (atm) ≤ 1 and at a lower PO2 of 0.04 atm, the value of m increased indicating a 
change in the rate limiting step.  On the other hand for 5 mol% Ag doped Bi2Ru2O7, the value of  
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Figure 71.  Impedance plots of 5 mol% Ca-doped Bi2Ru2O7 electrodes on GDC at 700 ºC (a) and (b) 
imaginary vs. real impedance, (c) and (d) imaginary impedance vs. frequency. 
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Figure 72.  Impedance plots of 5 mol% Ag-doped Bi2Ru2O7 electrodes on GDC at 700 ºC (a) imaginary 
vs. real impedance, (b) and (c) imaginary impedance vs. frequency. 
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Figure 73.  ln(ASR) vs. ln(PO2) of 5 mol% Ca doped Bi2Ru2O7 electrode  at different temperatures with m 
in parenthesis, i.e., T(m). 
-2
0
2
4
6
8
-5 -4 -3 -2 -1 0 1
l
n
(
A
S
R
)
ln(p
O2
)
T (m)
400 
o
C (0.62)
450 
o
C (0.59)
500 
o
C (0.57)
550 
o
C (0.54)
600 
o
C (0.54)
650 oC (0.60)
700 
o
C (0.69)
 
Figure 74.  ln(ASR) vs. ln(PO2) of 5 mol% Ag-doped Bi2Ru2O7 electrode at different temperatures with m 
in parenthesis, i.e., T(m). 
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Figure 75.  Capacitance (µF/cm2) in air of Bi2Ru2O7, 5 mol% Ca- and Ag-doped Bi2Ru2O7 electrodes. 
m ranged consistently between 0.5 and 0.6 in the complete pO2 range of study.  In an earlier study 
on undoped bismuth ruthenate electrodes, the value of m was found to be between 0.5 and 0.6 in 
the same temperature and PO2 range
68.  A magnitude of 0.5 for m was related in the literature to 
surface diffusion of the dissociatively adsorbed oxygen at the electrodes to the TPBs62,64,69, 
which appears to be one of the rate limiting steps for undoped, 5 mol% Ca, and 5 mol% Ag 
doped bismuth ruthenate electrodes. 
Electrode capacitance (in F/cm2), C, was calculated by using the following equation 
                            C = 1/(2πf*ASR)                        (5) 
where, f is electrode characteristic frequency in Hz, and ASR is electrode area specific resistance 
in Ωcm2.  Electrode capacitance of undoped, 5 mol% Ca, and 5 mol% Ag-doped bismuth 
ruthenate electrodes in air as a function of temperature is shown in Fig. 75.   
Capacitance of the electrodes as a function of PO2 at 500 °C and 700 ºC is shown in Fig. 
76.  Electrode capacitance in air of the doped systems is higher and a stronger function of  
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Figure 76.  Electrode capacitance (µF/cm2) vs ln(PO2) of Bi2Ru2O7, 5 mol% Ca and Ag doped Bi2Ru2O7 
electrodes at 500 and 700 ºC. 
temperature in comparison to the undoped bismuth ruthenate; for example, undoped, 5 mol% Ca- 
and Sr-doped bismuth ruthenate electrodes showed capacitance of 70.99, 158.17, and 235.51 
µF/cm2 and 33.70, 50.37, and 70.16 µF/cm2 at 500 and 700 ºC, respectively.  On the other hand, 
capacitance of undoped bismuth ruthenate is a strongly influenced by PO2 while the doped 
systems have a relatively flat profile; for 5 mol% Ca doped system, the sharp decrease in 
capacitance at 0.04 atm., 500 ºC correlates well with sharp increase in magnitude of m and a 
change in reaction mechanism.  Electrode capacitance is a complex parameter affected by 
number of factors (including ionic and electronic conduction) and is indicative of the electrode 
reaction mechanism.  Evidently, doping changed the electrode capacitance, both as a function of 
temperature and oxygen partial pressure, but not to an extent to alter the rate limiting step and to 
improve the electrode ASR significantly. 
It was found that the performance of Bi2Ru2O7 electrode was also not influenced to a 
great degree by the electrode particle size and thickness.  Electrode ASR, characteristic 
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frequency, and activation energy of Bi2Ru2O7 electrode (~3 m particle size and ~100 m) 
fabricated from as-calcined powders was comparable to Bi2Ru2O7 electrode (~1 m particle size 
and ~10 m thick) fabricated from vibration milled powders as described in a later section.   
The pyrochlore structure consists of BO6 trigonal antiprism and A2O’ anticyrstobalite 
chains.  Vacancies are known to exist on both A- and O’-sites, as A2O’ sublattice is not essential 
for the stability of the oxide70.  Doping with aliovalent cations and change in oxygen activity 
further complicates the defect chemistry of the system.  The electronic properties of ruthenate 
pyrochlores has been correlated with the Ru-O bond length and Ru-O-Ru bond angle70,71,72.  The 
bond length and bond angle in the RuO6 trigonal antiprism is related to the degree of the overlap 
between Ru-4d and O-2p orbitals, and therefore, to the spitting of t2g and eg by the cubic field; 
EF, the Fermi energy level, is mostly composed of anti-bonding states of Ru-4d and O-2p 
orbitals.  As the Ru-O-Ru bond angle decreases, the orbital overlap also decreases, resulting in 
narrowed band and decreased mobility.  Recently, it has been observed that apart from these two 
factors, the interaction of A-ion orbitals with Ru-4d and O-2p orbitals near EF plays a significant 
role in the observed drift in electronic properties of various ruthenate pyrochlores which are iso-
structural and iso-electronic; Bi2Ru2O7 and Pb2Ru2O6.5 are weakly metallic (temperature 
independent resistivity over broad temperature range) and Y2Ru2O7 and lanthanide ruthenate 
pyrochlores are semi-conductors73,74,75.  It is possible that the introduction of dopants in 
Bi2Ru2O7 affects the Bi-6p orbital overlap along with the Ru-O-Ru bond angle and consequently 
the electrical conductivity.  It is interesting to note that electrical conductivity of perovskite 
CaRuO3 and SrRuO3, although metallic, is lower than that of Bi2Ru2O7; at 727 ºC, conductivity 
values of Bi2Ru2O7, CaRuO3, and SrRuO3 are ~316, 70, and 28 S/cm, respectively
61.  Assuming 
a rule of mixtures, it can be expected that doped bismuth ruthenate will show lower electronic 
conductivity.  Whether doping improves the ionic conductivity or not is unclear; the marked 
influence on the electrode capacitance behavior, both as a function of temperature and oxygen 
partial pressure, could be an indirect indication.  In any case, doped Bi2Ru2O7 pyrochlore didn’t 
improve the electrode performance as significantly as observed by Bae and Steele60 with their 
studies on 5 mol% Sr doped Y2Ru2O7 where doping could have improved the electronic and/or 
ionic conductivity. 
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Summary  
Lead ruthentae (PRO) was successfully synthesized by direct condensation method 
(DCM).  Sintering of PRO electrodes was optimized at 800 °C.  Low ASR values, e.g., 0.41 
Ωcm2 at 750 °C, of these PRO electrodes confirmed the remarkable electrochemical properties of 
this material for cathodic application.  Also, ESB and PRO were determined to be compatible 
and thus suitable constituents of composite electrodes.  Hence, with ASR of ~1.7 Ωcm2 at 750 
°C and 7 Ωcm2 at 500 °C, PRO-ESB can be used in intermediate temperature solid oxide fuel 
cells (IT-SOFCs).  
Above 600°C where reaction at the TPB is not rate limiting PRO is a better cathode than 
PRO-ESB.  However, below 600°C the extended TPB of the PRO-ESB composite results in a 
lower ASR cathode.  Further optimization of the microstructure and ESB/Pb2Ru2O6.5 ratio could 
result in even lower ASRs. 
YRO is compatible with both GDC and ESB since no reaction products were found by 
XRD analysis after heat-treatment at 800 °C for 24 h.  The best performing electrode was 
Y1.5Pr0.5Ru2O7 with ASR, at 700 °C, of 0.19 Ωcm
2 on an ESB electrolyte and 4.23 Ωcm2 on a 
GDC electrolyte.  The ASR increased for lower or higher PRO content.  The performance of Pr-
doped YRO on ESB is much better than the performance on GDC.  Since oxygen mass diffusion 
is the limiting step for the electrode kinetics, enhanced performance on ESB is probably due to 
partial solid diffusion at the electrode/electrolyte interface that lowered the interfacial 
polarization.  The low value of resistivity of the Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 symmetric 
cell suggests that Y1.5Pr0.5Ru2O7 in a composite with ESB would be a promising cathode material 
for IT-SOFCs. 
This study showed that the performance of BRO cathodes is very promising, and it is 
expected that with improved electrode morphology and with composite cathodes, high 
performance cathodes can be developed for IT-SOFCs.  Doping with lower valent cations on Bi-
site, in order to improve the ionic conductivity, was not effective in improving the performance 
of bismuth ruthenate cathodes.  5 mol% Ca and Ag doping were found to slightly improve the 
electrode performance over undoped bismuth ruthenate pyrochlores above ~550 ºC.  At 700 ºC, 
the ASRs of undoped, 5 mol % Ca, and 5 mol% Sr doped BRO electrode were 1.45 Ωcm2, 1.24 
Ωcm2, and 1.41 Ωcm2, respectively.  The rate limiting step for the oxygen reduction reaction in 5 
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mol% Ag doped bismuth ruthenate electrode was found to be the surface diffusion of 
dissociatively adsorbed oxygen, while for 5 mol% Ca doped system multiple rate limiting steps 
were observed in the oxygen partial pressure range studied.  Doping with 5 mol% Ca and Ag 
changed the electrode capacitance behavior, both as function of temperature and oxygen partial 
pressure. 
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PYROCHLORE RUTHENATE-BISMUTH OXIDE COMPOSTE CATHODES 
Since doping bismuth ruthenate did not impart the increase in ionic conductivity 
necessary for it to become mixed conducting (and hence provide greater performance), 
composite cathodes were explored as an alternative strategy. 
Bismuth oxides stabilized by doping in fcc fluorite δ-Bi2O3 structure are one of the 
highest known oxygen ion conductors76,77,78.  At comparable temperatures, oxygen ion 
conductivity of 20 mol% erbia stabilized bismuth oxide (ESB) is one to two orders of magnitude 
higher than that of YSZ.  It is well known that a composite cathode, consisting of an 
electrocatalyst and an oxygen ion conductive phase, enhances the performance significantly by 
effectively extending the reaction zone from the electrode/electrolyte interface into the electrode.  
Composite cathodes based on LSM-YSZ and LSM-GDC for YSZ electrolytes and LSCF-GDC 
for GDC electrolytes have been very effective in reducing the polarization resistance compared 
to single phase cathodes79,80.  Chemical compatibility between the two phases is critical in order 
to avoid the formation of resistive tertiary phases and to develop high performance electrodes. 
Bi2O3-RuO2 phase diagrams were proposed by Prosychev et al.
81 and Hrovat et al.82.  
Bismuth ruthenate, apart from the fcc pyrochlore structure Bi2Ru2O7, also exists in the oxygen 
enriched cubic KSbO3 structure as Bi2Ru2O7.3 (or Bi3Ru3O11)
83.  Both phase diagram studies 
show that Bi2Ru2O7.3 forms a eutectic with Bi2O3 at relatively low temperatures; however there is 
some discrepancy regarding the eutectic temperature and composition.  There is also confusion 
regarding the transition temperature from the KSbO3 structure to the fcc pyrochlore structure 
(965 ºC18, 950 ºC19, 975 ºC20); Hrovat et al. noted that the reaction of precursors with alumina 
crucible could have affected the transition temperature.  According to Prosychev et al., the 
eutectic is between Bi2Ru2O7.3 and monoclinic α-Bi2O3 at ~37 mol% RuO2; the eutectic 
temperature is 730 ºC, which incidentally is also the transformation temperature from 〈 to fcc δ-
Bi2O3.  Hrovat et al. instead proposed that the eutectic is between Bi2Ru2O7.3 and δ-Bi2O3 at ~20 
mol% RuO2; the eutectic is at 745 ºC, above the α- to δ-Bi2O3 transformation temperature.  The 
presence of the eutectic could significantly undermine the microstructural stability of a  
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Figure 77.  DTA plots of Bi2O3, Bi2Ru2O7.3-Bi2O3 (50 wt% Bi2O3), and Bi2Ru2O7-Bi2O3 (50 wt% Bi2O3) 
powders in heating cycle. 
composite electrode, consisting of bismuth ruthenate and bismuth oxide, during processing 
and/or under operation.  Differential thermal analysis (DTA) studies were done to study the 
eutectic temperature and composition. 
DTA plots of powder mixtures of bismuth ruthenate and bismuth oxide in the heating 
cycle are shown in Figure 77.  Two endotherms are observed for Bi2O3, Bi2Ru2O7.3-Bi2O3, and 
Bi2Ru2O7-Bi2O3 with onset temperatures at 731.2 ºC, 729.7 ºC, 725.8 ºC for the first transition 
and 821.7 ºC, 827.0 ºC, 837.9 ºC for the second transition, respectively.  Based on the phase 
diagram proposed by Proshychev et al.81, the first transition is attributed to the transition from 
monoclinic α- to fcc δ-Bi2O3 and the concomitant eutectic formation, while the second transition 
is attributed to the liquidus temperature.  The above described transitions are absent in DTA plots 
for ESB, Bi2Ru2O7.3, Bi2Ru2O7, Bi2Ru2O7.3-ESB, and Bi2Ru2O7-ESB.  ESB is stabilized at room 
temperature in fcc δ-Bi2O3 structure by erbia doping, the melting point is elevated beyond the 
sintering temperature of ESB (~890 ºC84); hence, both α- to δ-Bi2O3 and δ- to liquid-Bi2O3 
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transitions are not observed for ESB.  Moreover, this also indicates that the eutectic is absent 
between BRO and ESB suggesting that the composite electrodes could be microstructurally 
stable during fabrication and under operation.  One possible explanation for the absence could be 
that the eutectic is essentially between Bi2Ru2O7.3 and α-Bi2O3, as proposed by Proshychev et al. 
XRD patterns of powder mixtures of bismuth ruthenate with GDC and ESB after heat-
treatment are shown in Figs. 78 - 80.  After firing at 850 ºC for 10 hours, GDC does not show 
any reactivity with either the low-temperature Bi2Ru2O7.3 phase or the high-temperature 
Bi2Ru2O7 phase, as indicated by the absence of any unidentified peaks in the pattern.  However 
with ESB, both Bi2Ru2O7.3 and Bi2Ru2O7 after firing at 850 ºC for 10 hours react to transform the 
fcc δ-Bi2O3 phase to tetragonal β-Bi2O3 phase, as shown in Fig. 79c and 80b, respectively.  
Moreover, Bi2Ru2O7.3 transforms partly into the high-temperature pyrochlore phase at and above 
800 ºC, as shown in Figs. 79b and 79c.  Note that the impurity sillenite type phase (Bi12RuO20), 
present after calcination of bismuth ruthenates and removed by leaching with dilute HNO3, is 
isomorphous to bcc γ-Bi2O3
78.  Both β- and γ-Bi2O3 are highly undesirable as they have an 
ordered oxygen ion sublattice and show oxygen ion conductivity up to three orders of magnitude  
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Figure 78.  XRD patterns for powder mixture (a) Bi2Ru2O7.3-GDC and (b) Bi2Ru2O7-GDC fired at 850 
ºC/10hours. 
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Figure 79.  XRD patterns for powder mixture of Bi2Ru2O7.3-ESB fired at (a) 750 ºC/10 hours, (b) 800 
ºC/10 hours, and (c) 850 ºC/10 hours. 
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Figure 80.  XRD patterns for powder mixture of Bi2Ru2O7-ESB fired at (a) 800 ºC/10 hours and (b) 850 
ºC/10 hours. 
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lower than that of δ-Bi2O3
88-90.  Therefore, Bi2Ru2O7 and ESB composite electrodes for 
impedance spectroscopy studies were fired at 800 ºC for 2 hours.  No reaction was found to 
occur between bismuth ruthenate and ESB after firing at 750 ºC for 10 hours and the composite 
was studied as a cathode for IT-SOFC85. 
Compositional Optimization 
Representative micrographs of surface and cross-section of different Bi2Ru2O7-ESB 
electrodes on GDC electrolyte are shown in Figs. 81 and 82, respectively.  Vibration milling 
reduced the particle size of Bi2Ru2O7 powders, calcined at 900 ºC, from ~3 µm to ~1 µm.  
Amorphous citrate route produced fine sub-micron ESB particles.  It was expected that fine 
particle size would ensure homogenous mixing, high TPB concentration and good sinterability of 
the composite electrode.  After sintering at 800 ºC, the electrodes are 10-20 µm thick. 
Impedance plots of Bi2Ru2O7.-ESB composite electrodes at 500 ºC and 700 ºC are shown 
in Figs. 83 and 84, respectively.  The electrode ASR was calculated by multiplying the electrode 
resistance by the electrode area (~0.7 cm2) and dividing by 2 to account for the symmetric cell. 
The performance, in terms of electrode ASR, characteristic frequency, and activation energy, of 
Bi2Ru2O7 electrodes (~1 µm particle size and ~10 µm thick) fabricated from vibration milled 
powders is comparable to Bi2Ru2O7 electrodes (~3 µm particle size and ~100 µm) fabricated 
from as-calcined powders described earlier.  This indicates that the rate limiting step in the  
 
  
                  (a)                            (b) 
Figure 81.  Surface micrographs of (a) Bi2Ru2O7, (b) Bi2Ru2O7-ESB (50 wt% ESB) electrodes on GDC 
electrolyte sintered at 800 ºC  
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(a)         
 
 
 
 
 
                (b)                                (c) 
Figure 82.  Cross-section micrographs of (a) Bi2Ru2O7, (b) Bi2Ru2O7-Bi2O3 (25 wt% ESB), and (c) 
Bi2Ru2O7-Bi2O3 (37.5 wt% ESB) electrodes on GDC electrolyte sintered at 800 ºC. 
oxygen reduction reaction for the single phase pyrochlore electrode is not influenced to a great 
degree by particle size and electrode thickness.  On the other hand, introduction of the ESB 
phase in the electrode resulted in significant reduction of the electrode impedance at each 
temperature, along with a shift in the electrode’s characteristic frequency towards lower values 
suggesting a change in electrode reaction mechanism.  For all compositions, the electrode 
characteristic frequency increased with temperature. 
As shown in Fig. 85, for the current particle-size distribution, composite cathodes with 
31.25-43.75 wt% ESB showed the lowest ASR values of 3.47-5.55 Ωcm2 and 0.08-0.11 Ωcm2 at 
500 ºC and 700 ºC, respectively.  In comparison, single phase pyrochlore electrode showed ASR 
values of 74.15 Ωcm2 and 1.78 Ωcm2 at 500 and 700 ºC, respectively.   Arrhenius plots of the 
composite electrodes are shown in Fig. 86 with activation energy between 1.20-1.34 eV.   
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                (c)                                 (d) 
Figure 83.  Impedance plots of Bi2Ru2O7-ESB electrodes on GDC at 500 ºC (a) and (b) imaginary vs. real 
impedance, (c) and (d) imaginary impedance vs. frequency. 
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Figure 84.  Impedance plots of Bi2Ru2O7-ESB electrodes on GDC at 700 ºC (a) and (b) imaginary vs. real 
impedance, (c) and (d) imaginary impedance vs. frequency. 
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Figure 85.  ASR (Ωcm2) of Bi2Ru2O7-ESB composite electrodes as a function of wt% ESB. 
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Figure 86.  Arrhenius plot of Bi2Ru2O7-ESB composite electrode ASR (∧cm
2). 
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Figure 87.  ASR (Ωcm2) of Bi2Ru2O7.3-ESB (25, 37.5, 50 wt% ESB) composite electrodes in comparison 
to Bi2Ru2O7 electrode.  As-calcined bismuth ruthenate powders used for fabrication. 
The performance of Bi2Ru2O7-ESB electrodes is similar to composite electrodes 
consisting of low temperature phase Bi2Ru2O7.3 and ESB
85.  As shown in Fig. 87, the best 
performance of 18.40 Ωcm2 and 0.32 Ωcm2 was obtained with a composite containing 37.5 wt % 
ESB at 500 ºC and 700 ºC, respectively.  Moreover with Bi2Ru2O7.3-ESB composite electrodes, 
the characteristic frequency decreased by more than an order of magnitude in comparison to the 
single phase pyrochlore electrode85.  Note that the electrodes were fabricated using as-calcined 
(without a milling step) bismuth ruthenate powders. 
Electrode capacitance of Bi2Ru2O7-ESB electrodes as a function of temperature are 
shown in Fig. 88.  Electrode capacitance was calculated from Eq. (5).  For comparison, electrode 
capacitance of as-calcined Bi2Ru2O7, (Bi0.95Ca0.05)2Ru2O7, (Bi0.95Ag0.05)2Ru2O7, and Bi2Ru2O7.3-
ESB electrodes as a function of temperature are shown in Figs. 88 and 89.  Doping with 5 mol% 
Ca and Ag did not significantly increase the capacitance of bismuth ruthenate electrode, while 
introduction of ESB increased the capacitance by more than an order of magnitude; for example, 
Bi2Ru2O7, Bi2Ru2O7 (as-calcined), (Bi0.95Ca0.05)2Ru2O7 (as-calcined), (Bi0.95Ag0.05)2Ru2O7 (as-
calcined), Bi2Ru2O7-ESB (37.5 wt% ESB), and Bi2Ru2O7.3-ESB (37.5 wt% ESB, as-calcined)  
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Figure 88.  Electrode capacitance (µF/cm2) of Bi2Ru2O7-ESB composite electrodes. 
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Figure 89.  Electrode capacitance (µF/cm2) of Bi2Ru2O7, 5 mol% Ca doped Bi2Ru2O7 (BCR5), 5 mol% 
Ag doped Bi2Ru2O7 (BAR5), and Bi2Ru2O7.3-ESB composite electrodes.  As-calcined bismuth ruthenate 
powders used for fabrication. 
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electrodes showed capacitance of 70.83 µF/cm2, 33.70 µF/cm2, 50.37 µF/cm2, 70.16 µF/cm2, 
4928.90 µF/cm2 and 4960.97 µF/cm2 at 700 ºC, respectively.  
The much improved performance along with an order of magnitude higher capacitance on 
addition of ESB phase in both Bi2Ru2O7-ESB and Bi2Ru2O7.3-ESB composite electrode systems 
indicate a change in electrode reaction mechanism.  The presence of the ESB not only increases 
the concentration of TPBs and ionic conductivity of the electrode, but possibly also shortens the 
rate-limiting surface diffusion path to the TPBs observed in single phase bismuth ruthenate 
electrodes.  Further impedance studies as a function of oxygen partial pressure could identify the 
rate limiting steps in the oxygen reduction reaction for the composite systems.  The optimum 
composition in the vicinity of 37.5 wt% ESB for both composite systems could be explained on 
the basis of percolation theory, so as to provide contiguous pathways for both electrons and 
oxygen ions in the electrode; density of Bi2Ru2O7.3, Bi2Ru2O7, and ESB is 9.12 gm/cm
3, 8.92 
gm/cm3 and 8.96 gm/cm3, respectively. 
Further Optimization of BRO-ESB Composites  
The initial results for BRO-ESB composites make it a promising candidate for reduced 
temperature SOFCs.  Moreover, the dramatic impact microstructure has on composite electrode 
performance has already been established from Ag-ESB studies earlier in the report.  TPB 
lengths can be affected by such microstructural factors as particle size, porosity, agglomeration 
and phase segregation.  This section addresses some of these parameters in order to further 
improve the performance of BRO-ESB composite cathodes. 
Reproducibility/Compositional Optimization.  Before any microstructural optimization 
was conducted, BRO-ESB was first compositionally optimized on ESB electrolytes using readily 
available powders--ESB prepared from conventional solid-state synthesis and solid-state BRO 
powders which underwent an additional vibratory milling step.  These powders being a different 
size than the abovementioned work would result in a different microstructure.  (Further, this 
work was performed by a different student in the same laboratory.)  Therefore, these “relatively” 
minor changes would also give an indication of the types of reproducibility issues inherent in 
comparing results between research groups. 
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Figure 90.  Nyquist (a) and bode (b) plots at 625˚C for different compositions of BROVM,AP-ESBS,AP 
electrodes tested in air. 
Figure 90 shows typical impedance and bode spectra obtained at 625 °C in air under no 
applied bias, and Fig. 91 shows the trend in cathode ASR vs. temperature over a range of 
composition for this system.  Note that in these and all future impedance plots, the data has been 
Rs-corrected for ease in comparison—i.e., the high-frequency real-axis intercept, Rs, of each 
spectrum (composed of the bulk electrolyte resistance, electrode sheet resistance and lead contact 
resistance) was subtracted from the real component of each data point in the spectrum. 
Plotted this way, the low-frequency real-axis intercept corresponds to electrode 
polarization resistance, Rp, and the cathode ASR can easily be calculated from Eq. (2), where Rp 
is now simply the real-axis low-frequency intercept.  At 625˚C, each impedance plot appears to 
be composed of a single arc, and the characteristic frequency increases with ESB content.  It is 
interesting to note that the width of the imaginary impedance vs. frequency spectrum is narrower 
toward the extremes of the concentration range than at intermediate compositions, suggesting a 
mechanistic overlap at these intermediate compositions, and in fact, a minimum value is 
a) 
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Figure 91.  Effect of electrode composition for the ESBS,AP-BROVM,AP system. 
observed at 56 wt% ESB over the range of temperatures tested.  Since the densities of BRO and 
ESB are approximately the same (~8.9g/cm3), this observation is consistent with the effective 
medium percolation theory and TPB maximization.   
For a two-phase composite whose particle sizes are roughly the same, and assuming the 
solid phases and pores are randomly distributed and the porosity is open and sufficiently large, 
the TPB length should reach a maximum if the two solid phases are present in equal fractions of 
the overall electrode volume.  In the present study, BRO particles are small relative to ESB 
particles hence percolation and TPB length maximization can occur at non-equal volume 
fractions of the two phases.  As discussed above, TPB length is important in two-phase cathode 
systems since the oxygen reduction reaction that is occurring can only proceed at sites where all 
three reactants are present—as the cathode TPB length increases, so do the number of reaction 
sites, and hence cathode activation polarization decreases. 
Note that this result differs from that obtained earlier, where a minimum was observed 
between 31-43 wt% ESB.  One possible explanation may be differences in powder synthesis 
techniques between the two studies.  ESB was obtained through conventional solid state 
synthesis in this section (micron-sized particles), as opposed to a wet chemical route (yielding 
nano-sized particles) used in the previous section.  Also, in the present study the BRO powders 
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were vibratory milled for seven days versus thee days in the earlier study; hence, yielding, on 
average, larger BRO particles than in the present study.  Consequently, the ESB-to-BRO particle 
size ratio in the present study is appreciably larger than for the earlier study.  As the ESB-to-
BRO particle size ratio decreases, percolation of the ESB phase—and hence compositional 
optimization of the cermet cathode—becomes feasible at smaller ESB volume fractions.   
Note that there appears to be a difference in activation energies between the electrodes 
obtained here (1.02 eV) compared to the previous section (~1.3 eV).  The electrode ASR at 500 
ºC are comparable (3.11 Ωcm2 for the present study compared to 3.37 Ωcm2 for the previous 
section), but are quite different at 700 ºC (0.17 Ωcm2 for the present study compared to 0.08 
Ωcm2 for the previous section).  The lower activation energy in the present study is likely due to 
the matching ESB electrolyte and electrode ionic conducting phases in the present study 
(aforesaid study was conducted on a GDC electrolyte) and may indicate a contribution to cathode 
polarization arising from oxygen vacancy transport across the electrode/electrolyte interface. 
Microstructural Optimization. Having shown an acceptable level of reproducibility—in 
performance, though not in optimal composition—microstructural optimization was next carried 
out.  Given the difference in optimum concentration between the two compositional studies, 
careful consideration was given with respect to the choice of concentration to use for the 
microstrucural study.  It was decided to fix the BRO-ESB composition at 50-50 wt% 
(approximately 50-50 vol%) so as to minimize any possible bias that might arise from skewing 
the composition toward either end of the spectrum. 
Electrode microstructure was first optimized according to starting particle size ratio.  
Particle sizes of the constituent phases were altered using vibratory milling as well as a 
combination of sonication and sedimentation, as explained in the experimental section.  Table 2 
shows the subscripts and symbols used to represent the different starting powders used in the  
 
Table 2.  Subscript and symbolic designations for different sets of starting powders, orange and yellow 
represent ESB particles, black and gray represent BRO particles. 
Phase subscript designation Type of powder Avg. particle size rank Symbol 
S,AP Sieved, as-prepared              1 (largest)  
VM,AP Vibratory-milled, as-prepared              2  
VM,SUP Vibratory-milled, supernatant              3 (smallest)  
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BRO7VM,AP
ESB20VM,AP
BRO7S,AP
ESB20S,AP
 
Figure 92.  SEM micrograph of as-prepared ESB and BRO powders before (left) and after (right) 
vibratory-milling. 
 
Figure 93.  TEM micrograph of as-prepared BROVM powders before (left) and after (right) sonication and 
sedimentation. 
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Figure 94.  SEM image of four fully-fired BRO-ESB cathode systems used in this study—BROS,AP-
ESBS,AP (a), BROVM,AP-ESBS,AP (b), BROS,AP-ESBVM,AP (c), BROVM,AP-ESBVM,AP (d). 
composite electrodes.  Figures 92 and 93 show representative samples of each particle system 
used in the present study.  Figure 92 compares BRO and ESB powders as prepared from solid-
state synthesis, and directly after vibratory milling.  Figure 93 shows the further reduction in 
particle size and agglomeration that can be obtained by sonication and sedimentation. 
Particle size analysis for ESB revealed that the average particle size was reduced by 
about an order of magnitude after seven days of vibratory milling—from several microns to 
several hundreds of nanometers (Fig. 24).  Similar results were obtained for vibratory milling of 
BRO powders.  Note how each set of vibratory-milled powders still contains a small number 
fraction (but significant volume fraction) of large, unbroken particles.  Four different electrode 
structures were examined (BROS,AP-ESBS,AP, BROS,AP-ESBVM,AP, BROVM,AP-ESBS,AP, and 
BROVM,AP-ESBVM,AP), each containing a 1:1 volume ratio of the constituent phases.  An SEM 
image of the four fully-fired electrodes is shown in Fig. 94. 
Figure 95 shows typical impedance spectra and bode plots obtained at 625˚C for these 
electrodes in air under no applied bias.  Plots of ASR vs. reciprocal temperature are given in Fig. 
96.  These results show that the composites exhibiting the lowest resistance are those composed 
of both large and small particles.  All composites containing at least one vibratory-milled phase 
have significantly lower resistance than the composite composed entirely of large particles, as  
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Figure 95.  Nyquist (a) and bode (b) plots at 625˚C for different 50-50 wt% BRO-ESB electrode 
microstructures tested in air. 
 
Figure 96.  Arrhenius plot of ASR vs reciprocal temperature for the four different microstructures 
studied. 
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expected, due to the increased TPBs.  The activation energies for all electrodes are similar 
(1.03eV ± 0.03eV), as are their characteristic frequencies (Fig. 95b), suggesting a common rate-
determining mechanism for the different electrodes.  It is not known at this time which 
mechanism is dominant; more work is needed to clarify this issue via testing under different 
oxygen partial pressures.  However, it is evident that the magnitude of the impedance of this 
mechanism has been markedly affected by these microstructural considerations. 
Comparing the two systems where the different phases have more similar grain size 
(BROVM,AP-ESBVM,AP and BROS,AP-ESBS,AP), the electrode comprised of vibratory-milled 
particles exhibits the lower ASR, as expected.  The systems composed of dissimilarly-sized 
particles (BROVM,AP-ESBS,AP and BROS,AP-ESBVM,AP) exhibit nearly the same performance, with 
the BROVM,AP-ESBS,AP electrode having the lowest ASR of 0.41 Ωcm
2 at 625 °C.  Interestingly, 
the electrodes containing dissimilar grain sizes exhibit lower ASR values than the electrodes 
containing more similar grain sizes despite being shifted towards non-optimal composition 
ratios, as discussed above.  Recall that, although the optimal composition of BROVM,AP-ESBS,AP, 
was 56 wt% ESB, for our microstructural study a 1:1 ratio was used.  One possible explanation 
for this observation could be the formation of soft agglomerates of fine particles during 
synthesis, as can be seen for the as-prepared BROVM powder in Fig. 93. 
As previously mentioned, as-prepared vibratory-milled powders contain a significant 
volume fraction of unbroken, micron-sized particles.  Focused ion beam (FIB) analysis and 
reconstruction (not shown) also reveals a degree of phase segregation in the fired electrodes.  
The next stage in the microstructural development involved the use of sedimentation for further 
reduction in particle size and a narrower particle-size distribution.  Also, ultra-sonication was 
used to break up soft agglomerates and improve phase distribution in the cathode.  The results 
are shown in Figs. 97 and 98.  Impedance results show a large reduction in resistance for all 
systems where the raw vibratory milled phase was replaced with the supernatant phase.  The 
ASR reduction was the most dramatic for the composite comprised entirely of small particles.  
Clearly this composite benefits the most from the combination of reduced particle size and the 
more intimate sonicated mixing.  Not only were the soft agglomerates of each phase broken up, 
but also the reduced particle size distribution translates into a larger number fraction of sub-
micron sized particles in each vibratory milled phase.  This in turn translates into a larger TPB  
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Figure 97.  Nyquist (a) and bode (b) plots at 625˚C for different 50-50 wt% BRO-ESB electrode 
microstructures tested in air before (open symbols) and after (closed symbols) sonication and 
sedimentation of electrode powders. 
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Figure 98.  Arrhenius plot of ASR—comparison between electrodes prepared from as-prepared powders 
(open symbols) and powders which underwent ultrasonication and sedimentation (closed symbols). 
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Figure 99.  Effect of electrode thickness on ASR at 625 °C for the four different electrode 
microstructures prepared after ultrasonication and sedimentation of the as-prepared powders. 
length.  The minimum ASR observed was 0.10 Ωcm2 at 625˚C for the ESBVM,SUP-BROVM,SUP 
system. 
It is clear from Fig. 97b that the impedance spectrum of this composite is composed of 
two arcs.  Comparing the spectrum of this electrode with the other electrodes, it appears that the 
low frequency process is the most affected by these microstructural changes, and its resistance 
has been lowered to the point where the low and high frequency processes are in competition 
with each other. 
Further Performance Optimization: Effect of Thickness and Current Collection.  
Electrode thickness and current collection can also affect electrode performance through 
minimizing concentration polarization effects and maximizing the number of active TPB sites.  
To further drive down ASR values, cells were prepared using electrodes of different thicknesses.  
In addition, separate studies were conducted using pure BRO current collectors. 
 The effect of thickness on ASR for the different composite microstructures is illustrated 
in Fig. 99.  In each case, ASR is reduced as thickness is increased, over the range of thicknesses 
studied.  The ESBVM,SUP-BROS,AP system exhibited a one order of magnitude drop in ASR 
between the first and second coating (from 2.72 to 0.25 Ωcm2).  This observation was confirmed  
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Figure 100.  Nyquist (a,c) and bode (b,d) plots at 625˚C for 50-50 wt% BRO-ESB at different 
thicknesses without (open symbols) and with (closed symbols) pure BRO current collectors.  Note:  The 
BROVM,SUP-ESBS,AP system is shown at left and BROS,AP-ESBS,AP is shown at right. 
to be reproducible, and is believed to be due to a current collection issue where the electrode 
thickness is insufficient for BRO phase percolation.  That the ESBS,AP-BROS,AP system did not 
show as significant an ASR reduction (from 0.77 to 0.58 Ωcm2) as the ESBVM,SUP-BROS,AP 
system can be attributed to a reduction in BRO phase connectivity caused by the fine ESBVM,SUP 
particles percolating between adjacent BROS,AP grains. 
As a result of this observation, a new batch of twice-coated samples was prepared, this 
time using a pure BROS,AP current collector layer.  This layer did not adhere well to the two 
electrode systems which utilized fine particles of ESB.  However, for the other systems, there is 
a dramatic drop in the resistance of the low-frequency process, as shown in Fig. 100.  For the 
BROVM,SUP-ESBS,AP system, the high-frequency process now dominates the performance.   
As shown in Fig. 101, the ASR of these two systems was cut almost in quarter (from 0.58 
Ωcm2 to 0.15 Ωcm2) in the ESBS,AP-BROS,AP system, and almost in third (from 0.22Ωcm
2 to 
0.076 Ωcm2) in the ESBS,AP-BROVM,SUP system.  The former system composed of large BRO  
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Figure 101.  Arrhenius plot of ASR—a comparison between electrodes without (open symbols) and with 
(closed symbols) current collectors for the BROVM,SUP-ESBS,AP (a) and BROS,AP-ESBS,AP (b) systems. 
grains exhibited a larger overall ASR reduction than the system composed of fine BRO grains, as 
expected from enhanced current collection.  The latter system exhibited the lowest ASR of all 
systems studied (0.73 Ωcm2 and 0.03Ωcm2 at 500 °C and 700 °C, respectively).  This is a 
marked improvement over the results of obtained in the previous section (3.14 Ωcm2 and 0.08 
Ωcm2 at 500 °C and 700 °C, respectively) and is believed to be at least the second lowest value 
of ASR reported to date for IT-SOFCs in the literature89. 
Further improvements are expected by improving the adhesion of the current collection 
layer to the system composed entirely of fine particles.  In addition, further compositional 
optimization may be performed on each specific system studied in this work.   
To conclude, BRO was shown to be chemically compatible with ESB.  Microstructural 
engineering by a combination of mechanical crushing, ultra-sonication, and sedimentation was 
shown to be an effective way of lowering electrode ASR, and the results seem to be consistent 
with TPB length maximization theory.  Application of a pure BRO current collector to the 
electrode surfaces further improved electrode performance.  The lowest value of ASR attained 
ranged from 0.73 Ωcm2 at 500 °C to 0.03 Ωcm2 at 700 °C making it one of the lowest SOFC 
cathode ASR values reported to date. 
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Summary 
Bismuth ruthenate-ESB composite cathodes, developed in this study, show performance 
which is comparable to the very best new IT-SOFC cathode materials79,80,86,87,88,89.  The high 
performance of bismuth ruthenate-ESB composites is due to the high ionic conductivity of ESB 
and high electronic conductivity of bismuth ruthenate.  Moreover, both bismuth ruthenate and 
ESB are catalytic active towards oxygen reduction.   
High performance cobalt-containing perovskites have compatibility issues with both 
stabilized zirconia and stabilized bismuth oxide electrolyte materials85,90, and on the other hand 
Ag-containing cathodes have microstructural stability issues due to electromigration88.  As 
shown by Takeda et al.91 and in this study that bismuth ruthenate is compatible with stabilized 
zirconia, doped ceria, and stabilized bismuth oxide, and therefore, bismuth ruthenate - stabilized 
bismuth oxide composites could be suitable for IT-SOFCs based on any of the three fluorite 
electrolyte systems.  Further studies involving sinterability, thermal expansion, and 
microstructual optimization would improve the performance and extended electrochemical 
testing under fuel cell conditions would assess the potential of these novel bismuth ruthenate - 
stabilized bismuth oxide composite cathodes for IT-SOFCs. 
Addition of the ESB phase reduced the ASR of single phase bismuth ruthenate electrode 
by as much as a factor of twenty.  The presence of ESB particles not only increase the 
concentration of TPBs and ionic conductivity of the composite electrode, but possibly also 
reduce the surface diffusion path to the TPBs resulting in improved electrode performance.  
Performance of bismuth ruthenate – stabilized bismuth oxide composite electrodes is promising 
and further extended studies under fuel cell conditions would determine the potential of these 
electrodes for IT-SOFCs. 
Figure 102 compares the performance of the optimized BRO-ESB system with the 
optimized Ag-ESB system as well as Ag-YSB reported by Xia et al.16 and Ba0.5Sr0.5Co0.8Fe0.2O3-
δ (BSCF) reported by Shao and Haile
89 which has become the new benchmark cathode material 
in the field.  At high temperatuers, the optimized BRO-ESB composite has outstanding 
performance and is comparable with our Ag-ESB.  In addition, due to its low activation energy, 
it is even more competitive at lower temperatures, and has better performance than BSCF at  
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Figure 102.  Comparison of ASR vs. reciprocal temperature for Ag-YSB (Xia et. al.), 
Ba0.5Sr0.5Co0.8Fe0.8O3-δ (Zhang and Haile) and optimized Ag-ESB (this work) and optimized BRO-ESB 
(this work).   
temperatures below 500 °C.  Further improvements are likely to result from a compositional 
study of the optimized electrode. 
 112 
CONCLUSION 
This research focused on developing low polarization (area specific resistance, ASR) 
cathodes for intermediate temperature solid oxide fuel cells (IT-SOFCs).  In order to accomplish 
this we focused on two aspects of cathode development: (1) development of novel materials, 
based on Ag-bismuth oxide composites, a series of pyrochlore structured ruthenates (Bi2-
xMxRu2O7, where M = Sr, Ca, Ag; Pb2Ru2O6.5; and Y2-2xPr2xRu2O7), and composites of the 
pyrochlore ruthenates with bismuth oxide; and (2) developing the relationships between 
microstructure and electrochemical performance by optimizing the Ag-bismuth oxide and the 
ruthenate-bismuth oxide composites in terms of both two-phase composition and particle 
size/microstructure.  We further investigated the role of thickness and current collector on ASR, 
as well as investigated issues of stability.  
Ag–ESB cermet electrodes showed excellent electrochemical performance.  Our Ag-ESB 
composite cathode has an ASR of 0.18 Ωcm2 at 600 °C, making it one of the lowest-resistance 
electrode systems reported to date and a significant improvement over our benchmark by Xia et. 
al who obtained an ASR of  0.3 Ωcm2 at 600 °C for their Ag-YSB composite.  However, 
impedance studies under current bias showed that the electrode microstructure was unstable at 
high bias currents at 625 °C, primarily due to the electro-migration of Ag along with the oxygen 
flux.  The high oxygen solubility in Ag results in good performance of the electrode, but it also 
results in the lowering of the melting point of Ag and its consequent electro-migration.   
Addition of 5 vol% YSZ nano-powders significantly improved unbiased electrode 
stability by 97 %, and reduced the initial, zero time ASR value by 31 %.  Similar results were 
obtained when YSZ-free electrodes were prepared from ESB powders composed of particles 
hundreds of nanometers in size as opposed to electrodes prepared from ESB powders composed 
of micron-sized particles—the zero time ASR value was reduced by 25 %, and ASR vs. time 
slope during unbiased testing of the silver-ESB system at 650 °C was reduced by 95 %.   
ASR vs. time slopes during testing under a 250 mV external applied bias were lowered 
by 50 % using the smaller ESB particles due to suppression of silver phase electro-migration.  
The stability of composite Ag-ESB electrodes under an applied bias still needs some 
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improvement.  Improvements are likely with further reduction in ESB particle size down to 
several tens of nanometers.  Also, as the operating temperature of SOFCs is reduced, the 
migration of the silver phase will be suppressed even further.   
Lead ruthenate (PRO) was successfully synthesized by direct condensation method 
(DCM).  Sintering of PRO electrodes was optimized at 800 °C.  Low ASR values, e.g., 0.41 
Ωcm2 at 750 °C, of these PRO electrodes were obtained.  Also, ESB and PRO were determined 
to be compatible and thus suitable constituents of composite electrodes. Above 600°C where 
reaction at the TPB is not rate limiting PRO is a better cathode than PRO-ESB.  However, below 
600°C the extended TPB of the PRO-ESB composite results in a lower ASR cathode.  Further 
optimization of the microstructure and ESB/Pb2Ru2O6.5 ratio could result in lower ASRs. 
Yttrium ruthenate (YRO) is compatible with both GDC and ESB since no reaction 
products were found by XRD analysis after heat-treatment at 800 °C for 24 h.  We evaluated the 
effect of Pr doping and found the best performing electrode was Y1.5Pr0.5Ru2O7 with an ASR, at 
700 °C, of 0.19 Ωcm2 on an ESB electrolyte and 4.23 Ωcm2 on a GDC electrolyte. The low value 
of resistivity of the Y1.5Pr0.5Ru2O7/ESB/Y1.5Pr0.5Ru2O7 symmetric cell suggests that 
Y1.5Pr0.5Ru2O7 in a composite with ESB would be a promising cathode material for IT-SOFCs. 
This study further showed that the performance of bismuth ruthenate (BRO) cathodes is 
very promising.  However, doping with lower valent cations on the Bi-site, in order to improve 
the ionic conductivity, was not very effective in improving the performance of bismuth ruthenate 
cathodes. At 700 ºC, the ASRs of undoped, 5 mol % Ca, and 5 mol% Sr doped BRO electrode 
were 1.45 Ωcm2, 1.24 Ωcm2, and 1.41 Ωcm2, respectively.  The rate limiting step for the oxygen 
reduction reaction in 5 mol% Ag doped bismuth ruthenate electrode was found to be the surface 
diffusion of dissociatively adsorbed oxygen, while for 5 mol% Ca doped system multiple rate 
limiting steps were observed in the oxygen partial pressure range studied.  Doping with 5 mol% 
Ca and Ag changed the electrode capacitance behavior, both as function of temperature and 
oxygen partial pressure. 
Finally, BRO-ESB composite cathodes developed in this study show performance that is 
comparable to the very best new IT-SOFC cathode materials.  The high performance of BRO-
ESB composites is due to the high ionic conductivity of ESB and high electronic conductivity of 
BRO.  Addition of the ESB phase reduced the ASR of single phase BRO electrode by as much as 
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a factor of twenty.  The presence of ESB particles not only increases the concentration of TPBs 
and ionic conductivity of the composite electrode, but possibly also reduces the surface diffusion 
path to the TPBs resulting in improved electrode performance.  Moreover, both BRO and ESB 
are catalytic active towards oxygen reduction.  Furthermore, BRO is compatible with stabilized 
zirconia, doped ceria, and stabilized bismuth oxide, and therefore, BRO-ESB composites could 
be suitable for IT-SOFCs based on any of the three fluorite electrolyte systems. 
The resulting Bi2Ru2O7-Bi0.8Er0.2O1.5 composite cathode has an ASR of 0.73 Ωcm
2 at 500 
°C, 0.053 Ωcm2 at 650 °C and 0.03 at 700 °C.  These ASRs are truly impressive and makes them 
among the lowest IT-SOFC ASRs reported to date. At high temperatures, the optimized BRO-
ESB composite has outstanding performance and is comparable with our Ag-ESB.  In addition, 
due to its low activation energy, it is even more competitive at lower temperatures, and has better 
performance than BSCF at temperatures below 500 °C.  Further improvements are likely to 
result from a compositional study of the optimized electrode. 
The extensive body of work reported herein has resulted in 13 publications in scientific 
journals, ranging from the Journal of the Electrochemical Society to Solid State Ionics, as seen in 
Table 3.   
Table 3.  Scientific Publications submitted so far from this contract.          
1. “Silver-Bismuth Oxide Cathodes for IT-SOFCs; Part II – Improving Stability Through 
Microstructural Control,” M. Camaratta and E.D. Wachsman, Solid State Ionics, submitted. 
2. “Silver-Bismuth Oxide Cathodes for IT-SOFCs; Part I – Microstructural Instability,” M. Camaratta 
and E.D. Wachsman, Solid State Ionics, submitted. 
3. “Novel Bismuth Ruthenate Based Cathodes for IT-SOFCs; Part II: Bismuth Ruthenate – Stabilized 
Bismuth Oxide Composites,” A. Jaiswall, C.T. Hu, and E.D. Wachsman, Journal of the 
Electrochemical Society, submitted. 
4. “Novel Bismuth Ruthenate Based Cathodes for IT-SOFCs; Part I: Doped Bismuth Ruthenates,” A. 
Jaiswall and E.D. Wachsman, Journal of the Electrochemical Society, submitted. 
5. “Applicability of Bi2Ru2O7 Pyrochlore Electrodes for ESB and BiMEVOX Electrolytes,” V. Esposito, 
B.H. Luong, E.D. Bartolomeo, E.D. Wachsman, and E. Traversa, Journal of the Electrochemical 
Society, 153, A2232-A2238 (2006). 
6. “Synthesis and Characterization of Y2Ru2O7 and Y2-xPrxRu2O7 for the Cathode Application in 
Intermediate Temperature Solid Oxide Fuel Cells,” C. Abate, K. Duncan, V. Esposito, E. Traversa, 
and E. D. Wachsman, Solid State Ionic Devices IV, ECS Transactions, E.D. Wachsman, F.H. Garzon, 
E. Traversa, R. Mukundan, and V. Birss, Ed., 1-7, 255-262 (2006). 
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7. “Bi2Ru2O7 Pyrochlore Electrodes for Bi2O3 Based Electrolyte for IT-SOFC Applications,” V. 
Esposito, B. H. Luong, E. Di Bartolomeo, E. D. Wachsman, and E. Traversa, Solid State Ionic 
Devices IV, ECS Transactions, E.D. Wachsman, F.H. Garzon, E. Traversa, R. Mukundan, and V. 
Birss, Ed., 1-7, 263-278 (2006). 
8. “Ag-Bi1.6Er0.4O3 as a Potential Cathode Material for IT-SOFCs,” M. Camaratta and E. D. Wachsman, 
Solid State Ionic Devices IV, ECS Transactions, E.D. Wachsman, F.H. Garzon, E. Traversa, R. 
Mukundan, and V. Birss, Ed., 1-7, 279-292 (2006). 
9. “Direct Current Bias Studies on (Bi2O3)0.8(Er2O3)0.2 Electrolyte and Ag-(Bi2O3)0.8(Er2O3)0.2 Cermet 
Electrode,” A. Jaiswall and E.D. Wachsman, Solid State Ionics, 177 (7-8), 677-685 (2006). 
10. “Pb2Ru2O6.5 as a Low-Temperature Cathode for Bismuth Oxide Electrolytes,” V. Esposito, E. 
Traversa, and E.D. Wachsman, Journal of the Electrochemical Society, 152 (12), A2300-2306 (2005). 
11. “RuO2–Based Dense Electrodes for ESB Electrolyte IT-SOFCs,” V. Esposito, E. Traversa, and E.D. 
Wachsman, Solid Oxide Fuel Cells IX, Electrochem. Soc., S.C. Singhal and J. Mizusaki, Ed, 2005-07, 
1764-1772 (2005). 
12. “Bismuth-Ruthenate-Based Cathodes for IT-SOFCs,” A. Jaiswal and E.D. Wachsman, Journal of the 
Electrochemical Society, 152, A787-790 (2005). 
13. “Preparation and Characterization of Lead Ruthenate Based Composite Cathodes for SOFC 
Applications,” V. Esposito, E. Traversa, and E.D. Wachsman, Solid State Ionics-2004, Materials 
Research Society, P. Knauth, C. Masqulier, E. Traversa, and E.D. Wachsman, Ed., 835, 217-222 
(2005). 
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